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ABSTRACT

Author: Adebesin, Funmilayo, O. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Elucidating the Biosynthetic Routes and Biological Mechanisms Involved in the Release of
Phenylpropanoid/Benzenoid Volatiles from Plant Cells
Committee Chair: Natalia Dudareva
Sessile organisms, such as plants, have developed intricate means of responding and interacting
with their environment in order to grow, reproduce, and survive environmental stresses such as
attacks by other organisms and competition for resources with neighboring organisms. Plant
volatile organic compounds (VOCs) play vital roles in resolving these evolutionary constraints
associated with the sedentary nature of plants by attracting pollinators and seed dispersers
necessary for reproduction. VOCs also mediate plant-plant interactions and provide defense
against biotic stresses (pathogens, predators, and herbivores) and abiotic stresses (oxidative
stress, high temperature stress, drought). Beyond the importance of VOCs to plants, humans
have used VOCs for centuries as perfumes, therapeutics, food additives, and contribute to the
flavor and aroma of fruits and vegetables.

Chapter 1 of this dissertation offers a brief overview of plant VOCs, their functions, and
biosynthetic pathways. The factors influencing their emission and the long-standing diffusion
model of volatile release from plant cells are also discussed. Chapter 2 challenges the diffusion
model and provides evidence for the involvement of active transport in the passage of VOCs
across the plasma membrane. Downregulation of an ATP-binding cassette (ABC) transporter,
PhABCG1, by RNA interference (RNAi) in Petunia hybrida flowers led to a decrease in volatile
emission and accumulating of the internal pools of volatiles to toxic levels in the plasma
membrane. In addition, PhABCG1 was shown to directly transport benzenoid volatiles using
Nicotiana tabacum BY2 cells overexpressing PhABCG1. Together, these results alter the default
assumption that VOCs simply diffuse out of cells.
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Chapter 3 completes the identification of the biosynthetic genes in the peroxisomal β-oxidative
pathway of benzoic acid (BA) biosynthesis by the identification of a petunia cinnamoyl-CoA
hydratase-dehydrogenase (PhCHD). Kinetic analysis of recombinant PhCHD shows that it
converts cinnamoyl-CoA to 3-oxo-3-phenylpropanoyl-CoA in vitro. Furthermore,
downregulation of PhCHD in petunia flowers, using an RNAi approach, led to a decrease in
benzoyl-CoA (BA-CoA), BA and other benzenoid derived volatiles further demonstrating the
involvement of this gene to the peroxisomal β-oxidative pathway of BA biosynthesis.

Lastly, Chapter 4 investigates the possible mechanisms of transport of the final product BACoA, of β-oxidative BA metabolism out of peroxisomes. Since the CoA moiety is membrane
impermeable and BA-CoA thioesterase activity is enriched in purified peroxisomes, we
hypothesized that BA-CoA is converted to BA by a thioesterase prior to transport or diffusion
across the membrane and then reconverted to BA by a CoA ligase such as Ph4CL1 (petunia 4coumarate: CoA ligase 1) or BZL1 (benzoate: CoA ligase) or by an unknown membrane
associated ligase. Characterization of recombinant PhTE1 shows that it efficiently converts
several hydroxycinnamoyl-CoA thioesters, including BA-CoA, to their free acids. Also,
downregulation of PhTE1 led to an increase in the levels of BA-CoA and its derived volatiles,
suggesting that BA-CoA is most likely transported out of peroxisomes. Furthermore, the levels
of volatile phenylpropenes, anthocyanin and lignin were also altered suggesting cross-talk
between the β-oxidative and the general phenylpropanoid pathways. Together, these results
suggest the auxiliary roles thioesterases play in β-oxidative metabolism.

LITERATURE REVIEW

1.1

Introduction to plant volatile organic compounds (VOCs)

Plants synthesize an amazing array of VOCs releasing up to 10% of their assimilated carbon into
the atmosphere in the form of complex VOC bouquets (Peñuelas & Llusià, 2004). Plant VOCs,
although structurally diverse, are generally low molecular weight compounds (100-200 Da) with
low boiling points and high vapor pressures at ambient temperature. When released into the
atmosphere, they have ecological effects on a global scale by influencing atmospheric chemistry
(Peñuelas & Llusià, 2004; Pinto et al., 2010). More than 1700 VOCs have been isolated from over
991 species of flowering plants and gymnosperms (Knudsen et al., 2006). Different plant species
synthesize and emit unique blends of VOCs that vary qualitatively and quantitatively across
different tissue types (Muhlemann et al., 2014a).

1.2

Plant VOCs and their functions

Plants are sessile organisms and therefore must develop ways to interact with their environment.
VOCs proffer one of the ways to overcome the limitations caused by their immobility by
contributing to plant protection from biotic and abiotic stresses (Dudareva et al., 2006; Raguso,
2008). VOCs emitted from flowers can attract pollinators and seed dispersers thus ensuring plant
reproduction (Bolen & Green, 1997; Luft et al., 2003; Raguso, 2008). In addition to pollinator
attraction, floral VOCs can deter antagonistic non-pollinator visitors that feed on flower tissue
(McCall, 2006; McCall & Irwin, 2006) and consume floral rewards (Burkle et al., 2007). Some
VOCs possess antimicrobial activities and can prevent bacterial overgrowth in vulnerable flower
tissue (Junker et al., 2011; Tholl et al., 2005; Trombetta et al., 2005).

VOCs emitted by vegetative tissues contribute to above- and below-ground plant defense against
herbivores, pests, and pathogens (Huang et al., 2012; Keeling & Bohlmann, 2006). One of the
examples include trees belonging to the Brazil nut family (Lecythidaceae). Due to emission of
copious amounts of S-methyl-methionine (Berkov et al., 2000), these trees are less susceptible to
infestation by wood-boring beetles relative to trees of same family not-emitting VOCs
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(Berkov et al., 2000). As a part of plant defense, emitted VOCs can directly intoxicate, repel or
deter herbivorous insects (Clavijo Mccormick et al., 2014), or they may attract natural predators
and parasitoids of the offending herbivores, thus indirectly protecting the signaling plant from
further damage via tritrophic interactions (Turlings et al., 1990; Heil, 2008; Heil et al., 2010;
Hiltpold et al., 2011). VOCs released by plants upon attack by herbivores can also mediate plantplant communication by priming of neighboring plant defense in response to future pathogen
attack (Farmer & Ryan, 1990; Karban et al., 2000). Through years of research into plant-plant
communication, VOCs such as ethanone, methyl salicylate, methyl jasmonate (Moreira et al., 2016;
Shulaev et al., 1997; Thaler et al., 2010) and monoterpenoids such as β-ocimene, β-myrcene, (E)4,8-dimethyl-1,3,7-nonatriene have been demonstrated to play roles in plant-plant signaling
(Arimura et al., 2000; Godard et al., 2008; Moreira et al., 2016).

VOCs also defend plants against abiotic stresses which include cold, high temperature, drought
and salinity. Years of research have focused on understanding the interconnection between VOC
release, plant perception of environmental stress cues and the cellular machinery to trigger
adaptive responses (Mantri et al., 2012). Abiotic stresses in general lead to the imbalanced
production of reactive oxygen species (ROS) such as singlet oxygen, superoxide, hydrogen
peroxide, and hydroxyl radicals (Vickers et al., 2009). ROS overproduction leads to damage of
macromolecules including proteins, lipids, carbohydrates and DNA (Vickers et al., 2009). VOCs
such as isoprenoids have been proposed to relieve oxidative stress by reacting with ROS (Fares et
al., 2008; Sauer et al., 1999), altering its signaling responses (Pasqualini et al., 2003), changing
the oxidative status of plants under stress (Velikova et al., 2005; Vickers et al., 2009) or via
membrane stabilization (Sharkey & Singsaas, 1995; Velikova et al., 2006).

Beyond the importance of VOCs to plants, they are also of value for animals, including humans,
as their food depends both directly and indirectly on plants. Moreover, VOCs play important roles
in the flavor, floriculture, fragrance, cosmetic, and pharmaceutical industries.

1.3

Biosynthesis of VOCs

Plant VOCs are synthesized and released from various plant organs such as flowers, stems, leaves
and fruits, seeds, into the atmosphere and from the roots into the soil. Depending on their structure
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and biosynthetic origins, VOCs are divided into several classes which include terpenoids (mono-,
and sesquiterpenes), phenylpropanoids/benzenoids, fatty acid, and amino acid derivatives
(Dudareva et al., 2013; Dudareva et al., 2006; Knudsen et al., 2006) with exception of a few
species-/genus-specific compounds (Pichersky et al., 2006).

1.3.1 Terpenoids
Terpenoids, also known as isoprenoids, constitute the largest and most diverse class of natural
products that are synthesized by all living organisms (Pichersky & Raguso, 2016). They are
classified based on number of isoprene (C5) units and structural organization into hemiterpenoids
(C5), monoterpenoids (C10), sesquiterpenoids (C15), diterpenoids (C20), sesterterpenoids (C25),
triterpenoids (C30), tetraterpenoids (C40), and polyterpenoids (> C40). Not all terpenoids are volatile,
as only C5, C10, C15 and some C20 can be released out of the cell into the air. In plants, terpenoids
are synthesized via two distinct routes; the mevalonic acid (MVA) and the methylerythritol
phosphate (MEP) pathways (Figure 1.1). The MVA pathway is located in the cytosol, peroxisomes,
and the endoplasmic reticulum (ER), consists of six different enzymatic reactions, starting with
the conversion of acetyl-CoA to acetoacetyl-CoA by an acetoacetyl-CoA thiolase (AACT) and
results in the formation of isopentenyl pyrophosphate (IPP), which is reversibly converted to
dimethylallyl pyrophosphate (DMAPP) by an isopentenyl pyrophosphate isomerase (IDI) (Figure
1.1). This pathway predominately provides precursors to volatile sesquiterpenes (Dudareva et al.,
2013; Le Bideau et al., 2017). The MEP pathway is located exclusively in plastids and involves
seven enzymatic steps starting with condensation of D-glyceraldehyde 3-phosphate (G3P) and
pyruvate (Pyr) to generate 1-deoxy-D-xylulose 5-phosphate (DXP) and results in the formation of
both DMAPP and IPP (Figure 1.1). In contrast to the MVA pathway, the MEP pathway
predominantly leads to the production of hemiterpenes, monoterpenes, diterpenes, and volatile
carotenoid derivatives (Figure 1.1; Dudareva et al., 2013). Metabolic cross-talk between the MVA
and MEP pathways have been well studied, however, the metabolite transporters and the relative
contribution of each pathway to different classes of terpenes are still unknown and may vary
between species (Opitz et al., 2014).
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Figure 1.1 Pathways leading to terpenoid VOC formation
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Figure 1.1 Pathways leading to terpenoid VOC formation (continued).
The cytosolic MVA and plastidial (highlighted in green) MEP terpenoid metabolic pathways
involved in the biosynthesis of sesquiterpene, monoterpenes, diterpenes and volatile carotenoid
derivatives in plants with individual enzymes depicted as boxes. The MVA pathway enzymes are
highlighted in blue, the MEP pathway enzymes are highlighted in white, and enzymes involved in
downstream terpenoid formation are highlighted in pink. The enzymes with peroxisomal
localization are depicted on a striped background. The unknown transporters involved in IPP and
IP exchange across the plastid envelope membranes are shown in grey. Abbreviations: AACT,
aceto-acetyl-CoA thiolase; CDP-ME, 4-diphosphocytidyl-2-C-methyl-D-erythritol; CDP-MEP,
CDP-ME 2-phosphate; CMK, 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase; CMK, 4(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase; DXP, 1-deoxy-D-xylulose 5-phosphate;
DXS, 1-deoxy-D-xylulose 5-phosphate synthase; G3P,

D-glyceraldehyde

3-phosphate; GGPP,

geranylgeranyl pyrophosphate; GGPPS, GGPP synthase; GPP, geranyl pyrophosphate; GPPS,
GPP synthase; HDR, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, (E)-4hydroxy-3-methylbut-2-enyl diphosphate synthase; HMBPP, (E)-4-hydroxy-3-methylbut-2-en-1yl diphosphate; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; MECPD, 2-C-methyl-Derythritol 2,4-cyclodiphosphate; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase;
MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MK, mevalonate kinase; Phos,
phosphatase(s); TPS, terpene synthases.
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1.3.2 Phenylpropanoids/benzenoids
Phenylpropanoids and benzenoids are the second most abundant class of plant VOCs which derive
from the aromatic amino acid phenylalanine (Phe) synthesized via chorismate, the end product of
the shikimate pathway. Chorismate is converted by chorismate mutase to prephenate before its
conversion to Phe via the arogenate pathway or the phenylpyruvate/4-hydroxyphenylpyruvate
pathways (Maeda & Dudareva, 2012). While most microorganisms utilize the phenylpyruvate
pathway (Fischer et al., 1993; Prakash et al., 2005), the latter pathway has only been recently
demonstrated to occur in plants (Yoo et al., 2013).

The biosynthesis of Phe takes place in plastids, however the biosynthesis of Phe-derived volatiles
occurs outside the plastids. Recently, a plastid-localized transporter (PhpCAT) capable of
exporting Phe, was identified (Widhalm et al., 2015a). Downregulation of PhpCAT led to a
decrease in Phe and Phe-derived volatiles by up to 42% (Widhalm et al., 2015a). The first
committed step of the biosynthesis of most phenylpropanoid/benzenoid compounds begins with
the deamination of Phe to trans-cinnamic acid (CA) by a ʟ-phenylalanine ammonia lyase (PAL)
(Figure 1.2). Benzenoid volatile compounds (C6-C1) can be formed via the β-oxidative, non βoxidative or a combination of both pathways (Boatright et al., 2004; Orlova et al., 2006). In petunia,
the first step of the β-oxidative pathway involves the formation of cinnamoyl-CoA (CA-CoA) from
CA catalyzed by a peroxisomal cinnamate-CoA ligase (PhCNL) (Colquhoun et al., 2012;
Klempien et al., 2012). The next steps involve the conversion of CA-CoA to 3-oxo-3phenylpropanoyl-CoA (3O3PP-CoA) catalyzed by a multifunctional peroxisomal protein, PhCHD,
with enoyl-CoA hydratase and hydroxyacyl-CoA dehydrogenase activities (Qualley et al., 2012)
and the conversion of 3O3PP-CoA to benzoyl-CoA (BA-CoA) by a peroxisomal 3-ketoacyl-CoAthiolase (PhKAT1) (Moerkercke et al., 2009). Benzoyl-CoA is used in the synthesis of the volatiles
benzyl benzoate (BB) and phenylethyl benzoate (PEB) in the cytosol, however, how BA-CoA is
exported to the cytosol remains unknown. The biosynthesis of benzaldehyde, a key intermediate
in the non β-oxidative pathway of benzoic acid (BA) biosynthesis, remains elusive. It has been
proposed to occur via CA or CA-CoA from either the β-oxidative or the non β-oxidative pathways
since inhibition of PAL activity leads to the reduced formation of benzaldehyde (Boatright et al.,
2004). The conversion of benzaldehyde to BA has been elucidated in snapdragon and is carried
out by a benzaldehyde dehydrogenase (BALDH) (Long et al., 2009)
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Figure 1.2 Petunia benzenoid/phenylpropanoid biosynthetic network.
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Figure 1.2 Petunia benzenoid/phenylpropanoid biosynthetic network.
Solid arrows show established biochemical reactions, and dashed arrows depict possible
unidentified steps. Multiple arrows represent multiple enzymatic steps. The BA β-oxidative
pathway leading to BA-CoA formation is localized in peroxisomes and shown with a blue
background. BA, benzoic acid; BA-CoA, benzoyl-CoA; BAlc, benzylalcohol; BAld,
benzaldehyde; BALDH, benzaldehyde dehydrogenase; BB, benzylbenzoate; BPBT, benzoylCoA:benzylalcohol/2-phenylethanol benzoyltransferase; BSMT, benzoic acid/salicylic acid
carboxyl methyltransferase; CA, cinnamic acid; CA-CoA, cinnamoyl-CoA; CCoAOMT,
caffeoyl-CoA 3-O-methyltransferase; CFA-CoA, caffeoyl-CoA; CHD, CA-CoA
hydratase/dehydrogenase; CNL, CA-CoA ligase; ConAc, coniferyl acetate; CTS, COMATOSE;
C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-CoA ligase; Eug, eugenol; EGS, eugenol
synthase; FA-CoA, feruloyl-CoA; IEug, isoeugenol; IGS, isoeugenol synthase; KAT, 3-ketoacylCoA thiolase; MeBA, methylbenzoate; 3O3PP-CoA, 3-oxo-3-phenylpropanoyl-CoA; PAAS,
phenylacetaldehyde synthase; PAL, phenylalanine ammonia lyase; pCA, p-coumaric acid; pCACoA, p-coumaroyl-CoA; PEB, phenylethylbenzoate; PhAld, phenylacetaldehyde; Phe,
phenylalanine; PhEth, 2-phenylethanol; and TE, thioesterase .
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The biosynthetic pathway leading to the formation of volatile phenylpropenes (C6-C3) such as
eugenol and isoeugenol share common enzymatic steps with the lignin pathway as demonstrated
through the identification of a cinnamoyl-CoA reductase (PhCCR) in petunia flowers (Muhlemann
et al., 2014b). Phenylpropanoid-related volatiles (C6-C2) such as phenylacetaldehyde and 2phenylethanol are synthesized directly through Phe and compete with PAL for Phe utilization
(Kaminaga et al., 2006; Tieman et al., 2007). In petunia and roses, phenylacetaldehyde is
synthesized from Phe through a decarboxylation-amine oxidation reaction catalyzed by a
pyridoxal-5-phosphate (PLP)-dependent bifunctional enzyme (Kaminaga et al., 2006; Sakai et al.,
2007). The conversion of phenylacetaldehyde to 2-phenylethanol in roses is catalyzed by
phenylacetaldehyde reductases (PAR) (Chen et al., 2011). However, in tomatoes, several enzymes
are required for Phe conversion to phenylacetaldehyde, including an aromatic amino acid
decarboxylase and a hypothetic amine oxidase, dehydrogenase, or transaminase (Tieman et al.,
2007). In melon fruit (Cucumis melo L.), Phe is converted to phenylacetaldehyde through an αketoacid intermediate (Gonda et al., 2010).

1.3.3 Fatty acid-derived volatiles
Fatty acid-derived volatiles are generally synthesized from linoleic or linolenic (C18 unsaturated
fatty acids). These precursors enter into the lipoxygenase (LOX) or β-oxidative pathways and are
metabolized through a series of reactions to yield alcohols, aldehydes, and esters (Figure 1.3).
Several green leaf volatiles (GLV) such as hexenal, nonanal, 3-hexenol and the phytohormone,
methyl jasmonate are examples of fatty acid-derived volatiles (Matsui, 2006). In addition, these
volatiles contribute significantly to the aroma and taste of many fruits and vegetables and are
usually synthesized and released as a response to wounding (Hassan et al., 2015).
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Figure 1.3 Biosynthetic pathways of fatty acid-derived and green leaf volatiles (GLVs).
Stacked arrows illustrate multiple enzymatic reactions. Volatile compounds are highlighted in
color, with green leaf volatiles shown in green. Abbreviations: AAT, alcoholacyltransferase;
ADH, alcohol dehydrogenase; AOC, allene oxide cyclase; AOS, allene oxide synthase; 9-HPL,
9-hydroperoxide lyase; 13-HPL, 13-hydroperoxide lyase; ISO, isomerase; 9-LOX, 9lipoxygenase; 13-LOX, 13-lipoxygenase; OPR, 12-oxophytodienoate reductase.
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1.3.4 Amino acid-derived volatiles
These volatiles are derived from branched chain amino acids such as alanine, valine, methionine,
leucine and isoleucine and usually contain nitrogen and sulfur moieties (Knudsen et al., 2006).
The reactions could occur through an amine intermediate via a decarboxylase or through an αketoacid intermediate via the activity of an aminotransferase and subsequent decarboxylation,
reduction, oxidation and/or esterification reactions to produce aldehydes (Figure 1.4; Gonda et al.,
2010; Reineccius, 2006). Amino acid-derived volatiles are very abundant in flowers and also
contribute to the flavor and aroma of many fruits (Reineccius, 2006). Examples include 2methylbutanol, 3-methylbutyl acetate, 2- methylpropanal, 3-(methylthio) propyl acetate derived
from L-isoleucine, L-leucine, L-valine and L-methionine respectively (Gonda et al., 2010).

Figure 1.4 Biosynthetic pathways for the formation of amino acid-derived volatiles.
Amino acids catalyzed by aminotransferases, can be transaminated leading to the formation of
the corresponding α-ketoacid. These α-ketoacids can further undergo decarboxylation, followed
by reductions, oxidations and/or esterifications, forming aldehydes, acids, alcohols and esters.
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1.4

VOC release from plant cells

VOCs are emitted from the tissues where they are synthesized, and their release is dependent on
the rate of biosynthesis and the rate of transport out of cells. The rate of biosynthesis is spatially
(Cseke et al.,1998; Paré & Tumlinson, 1997), developmentally (Bouwmeester et al.,1998;
Colquhoun et al., 2009; Dudareva et al., 2000) and/or temporally regulated (Kolosova et al., 2001;
Nagegowda et al., 2010). It also depends on biotic factors such as pathogen infestation, herbivore
attack or pollination status as well as on abiotic factors such as light intensity, drought, temperature,
humidity, nutrient availability and atmospheric CO2 concentration (Cna’Ani et al., 2015;
Gouinguené & Turlings, 2002; Holopainen & Gershenzon, 2010). Likewise, substrate availability
(Colquhoun et al., 2009; Kolosova et al., 2001; Maeda et al., 2010; Vogel et al., 2008), level of
gene expression of VOC biosynthetic genes (Cseke et al., 1998; Dudareva et al., 2000; McConkey
et al., 2000; Muhlemann et al., 2012) and the activities of their enzymes also affect the rate of
biosynthesis. Although significant strides have been made over the years in elucidating VOC
biosynthesis and regulation, the mechanism of VOC release from intact cells is not fully
understood.

For VOCs to be released into the atmosphere, they have to move from their site of synthesis
through the cytosol, across the plasma membrane, the hydrophilic cell wall and in some cases the
cuticle (Figure 1.5; Widhalm et al., 2015b). For many years, it was widely accepted that VOCs
simply diffuse out of cells. To test this hypothesis, diffusion-based models of VOC emission were
generated to calculate the barrier VOC concentrations necessary to achieve their observed
emission rates driven by diffusion alone (Widhalm et al., 2015b). It was demonstrated that
diffusion alone would necessitate toxic buildup of VOC in membranes, as a result of preferential
partitioning of these compounds into lipid bilayers (Widhalm et al., 2015b). Thus, it was
hypothesized that to prevent toxicity biological mechanisms have to be involved in volatile release
from cells (Widhalm et al., 2015b). Indeed, plasma membrane-localized ATP-binding cassette
(ABC) transporters have been implicated in the transport of other hydrophobic/lipophilic
compounds such as waxes (McFarlane et al., 2014; McFarlane et al., 2010), diterpenes (Crouzet
et al., 2013; Shibata et al., 2016), and monolignols (Alejandro et al., 2012) across the plasma
membrane. It was also proposed that VOCs could be shuttled to the plasma membrane through
ER-plasma membrane contact sites or in a vesicle mediated fashion (Figure 1.5; Widhalm et al.,
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2015b). After traversing the plasma membrane, VOCs need to cross the hydrophilic cell wall and
in some cases the cuticle (Widhalm et al., 2015b). Although the barrier resistance at the cell wall
is relatively low, it is proposed that lipid transfer proteins (LTPs) may be involved in preventing
the partitioning of VOCs into the plasma membrane (Widhalm et al., 2015b). Moreover, LTPs
have been shown to be involved in wax transport (Choi et al., 2012; Lee et al., 2009) across the
cell wall to the cuticle. Transport of VOCs across the cuticle is proposed to be dependent on the
cuticle composition (Goodwin et al., 2003; Jeffree, 2006), thickness and concentration of VOC in
the cuticle (Widhalm et al., 2015b). However, to date there is no evidence for involvement of these
biological processes in VOC release.

Figure 1.5 Possible routes of the trafficking of volatile organic compounds (VOCs) out of plant
cells.
VOCs may diffuse through each cell barrier, or be trafficked via unknown biological
mechanisms similar to other hydrophobic compounds. VOCs could be shuttled to the plasma
membrane through ER-plasma membrane contact sites or in a vesicle mediated fashion. Plasma
membrane-localized may shuttle VOCs across the membrane to the cell wall. Lipid transfer
proteins (LTPs) may transport VOCs across the cell wall to the cuticle (Widhalm et al., 2015).
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EMISSION OF VOLATILE ORGANIC COMPOUNDS
FROM PETUNIA IS FACILITATED BY AN ABC TRANSPORTER

2.1

Abstract

Plants synthesize a diversity of volatile molecules that are important for reproduction and
defense, serve as practical products for humans, and influence atmospheric chemistry and
climate. Despite progress in deciphering plant volatile biosynthesis, their release from the cell
has been poorly understood. The default assumption has been that volatiles passively diffuse out
of cells. By characterization of a Petunia hybrida adenosine triphosphate–binding cassette
(ABC) transporter, PhABCG1, we demonstrate that passage of volatiles across the plasma
membrane relies on active transport. PhABCG1 down-regulation by RNA interference results in
decreased emission of volatiles, which accumulate to toxic levels in the plasma membrane. This
study provides direct proof of a biologically mediated mechanism of volatile emission.

2.2

Introduction

Plants can direct up to 10% of photosynthetically fixed carbon toward biosynthesis of volatile
organic compounds (VOCs) (Peñuelas & Llusià, 2004), which are low-molecular-weight
lipophilic molecules (~100 to 200 Da) with high vapor pressures at ambient temperature. Plant
VOCs are chemically diverse and mainly represented by terpenoids, fatty acid derivatives,
benzenoids, and phenylpropanoids. VOCs play essential roles in pollinator and seed-disperser
attraction, above and below ground defense against herbivores and pathogens, plant-plant
signaling, and allelopathy (Dudareva et al., 2006; Pichersky & Gershenzon, 2002). They also
provide protection against abiotic factors such as high light, temperature, and oxidative stress
(Loreto & Schnitzler, 2010). Moreover, emitted plant VOCs contribute to the production of
secondary organic aerosols that act as cloud condensation nuclei, thus affecting atmospheric
chemistry and climate (Loreto & Schnitzler, 2010; Zhao et al., 2017). Global annual emission of
plant benzenoids alone is estimated to be millions of tons, leading to the formation of up to 10
Tg y−1 of aerosols (Misztal et al., 2015). Plant VOCs are also of value to the floriculture, flavor,
cosmetic, and fragrance industries.
This Chapter is published as a report in Science Magazine, Vol. 356, Issue 6345, pp. 1386-1388.
DOI: 10.1126/science.aan0826. Collaborator contributions are included in the
acknowledgements section.
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In flowers and roots, VOCs are primarily produced in epidermal cells, from which they are
released into the atmosphere (Kolosova et al., 2001; Scalliet et al., 2006) and rhizosphere (Chen,
2004), respectively. In vegetative organs, VOCs are synthesized in glandular trichomes (e.g., in
tomato, basil, and peppermint) (Glas et al., 2012) and reach the atmosphere through mechanical
disruption, or they are made in the leaf mesophyll (Cinege et al., 2009) and exit through the
stomata (Niinemets et al., 2004) or cuticle (Niinemets et al., 2002). Irrespective of the
biosynthetic site and emission route, at the subcellular level, VOCs must traverse the cytosol and
cross the plasma membrane, hydrophilic cell wall, and sometimes the cuticle to exit the cell. It
has been an open question how VOCs cross these barriers in intact cells to reach the environment
or intercellular air spaces connected to stomata.

The default assumption that VOCs simply diffuse out of cells (Borghi et al., 2017; Pichersky et
al., 2006; Schuman et al., 2016; Widhalm et al., 2015) may be true for small VOCs such as
isoprene. However, modeling has predicted that emission of most VOCs driven solely by
diffusion would lead to toxic VOC accumulation in membranes as a result of preferential
partitioning of these compounds into lipid bilayers (Widhalm et al., 2015). Such accumulation
would cause reorganization of cellular membranes that could lead to leakage of organellar or
cellular content (Mendanha & Alonso, 2015). This raises the hypothesis that VOC emission
requires active transport (Widhalm et al., 2015).

2.3

Results

We used Petunia hybrida flowers, which emit benzenoid and phenylpropanoid volatiles in a
temporally regulated manner, to investigate whether VOC emission relies on protein-mediated
export. Because certain nonvolatile hydrophobic compounds, such as waxes and diterpenes, are
exported across the plasma membrane by adenosine triphosphate–binding cassette (ABC)
transporters (Crouzet et al., 2013; McFarlane et al., 2010), we searched petunia petal RNA
sequencing (RNA-seq) data sets (Widhalm et al., 2015) for ABC transporter transcript
sequences. We found one highly expressed candidate that was up-regulated 103-fold in petunia
flowers between day –1 (bud stage) and day 2 after opening (postanthesis), the developmental
stages with the lowest and highest VOC emission, respectively (Verdonk et al., 2005)

26
(Table 2.1, Figure 2.1). This gene encodes Petunia hybrida ABC subfamily G member 1,
PhABCG1, a predicted plasma-membrane transporter of unknown function that is expressed
almost exclusively in petals of open flowers and regulated by the ODORANT1 transcription
factor (Van Moerkercke et al., 2012) which controls VOC biosynthesis in petunia flowers.

Table 2.1 Expression of 17 ABCG transporter candidates at the bud stage and on day 2
postanthesis.
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Figure 2.1 Graphical overview of expression of 17 ABCG transporter candidates at the bud
stage and on day 2 post-anthesis.
Gene expression was measured based on Cufflinks and edgeR analysis of RNAseq data
(Widhalm et al., 2015). Data represent average of FPKM (fragments per kilobase per million
mapped fragments) and CPM (counts per million reads) from three biological replicates ± SD.
Table additionally contains average fold changes and FDR (false discovery rate) values from
edgeR analysis (Widhalm et al., 2015). ABCG transporters significantly upregulated on day 2
versus bud stage are shown in bold.
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To determine whether PhABCG1 is involved in VOC emission, we generated transgenic petunia
RNA interference (RNAi) lines under control of the petal-specific linalool synthase promoter
(Cseke et al., 1998) to decrease PhABCG1 expression (Figure 2.2). Three independent lines with
PhABCG1 transcript levels reduced by 70 to 80% (Figure 2.3A) exhibited 52 to 62% decreases in
total VOC emission (Figure 2.3B), with a concomitant 101 to 157% increase in total internal VOC
pools (Figure 2.3B). In PhABCG1-RNAi flowers, emission of each individual VOC was reduced
to a different extent (Figure 2.4A), and their corresponding internal pools increased (Figure 2.4B).
Amounts of alcohol glycosides, representing 13% of the total VOC internal pool, were ~2.5 times
as high in transgenic as in wild-type flowers (Figure 2.4C).

Figure 2.2 Initial screening of PhABCG1-RNAi lines showing the correlation between
PhABCG1 expression and both emission and internal pools of volatiles.
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Figure 2.2 Initial screening of PhABCG1-RNAi lines showing the correlation between
PhABCG1 expression and both emission and internal pools of volatiles (continued).
(A) PhABCG1 mRNA levels determined by qRT-PCR on day 2 post-anthesis in wild type (WT),
an empty vector (EV) transformed line and 11 independent PhABCG1-RNAi.
(B) Total emission rate and (C) internal pools of volatiles from WT, empty vector transformed
flowers and PhABCG1-RNAi flowers on day 2 post-anthesis. Volatile emission was measured
from 18:00 h to 22:00 h. Internal pools were collected at 22:00 h. Correlation between the degree
of PhABCG1 down regulation and its effect on (D) VOC emission and (E) internal pools. RNAi
lines used for detailed analysis are shown in yellow.
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Figure 2.3 Effect of PhABCG1 down-regulation on VOC emission and internal pools in petunia
flowers.
(A) PhABCG1 mRNA levels determined by qRT-PCR on day 2 post-anthesis in wild type (WT)
and three independent PhABCG1-RNAi lines (A1, A6 and A7). (B) Total VOC emission rate and
internal pools from WT and PhABCG1-RNAi flowers on day 2 post-anthesis. Volatile emission
was measured from 18:00 h to 22:00 h. Internal pools were collected at 22:00 h. All data are
means ± SEM (n=3). *, P < 0.05 and **, P < 0.01 (Student’s t-test). FW, fresh weight.
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Figure 2.4 Effect of PhABCG1 down-regulation on emission and internal pools of individual
benzenoid/ phenylpropanoid volatiles.
(A) Emission rates and (B) internal pools of individual VOCs on day 2 post-anthesis in wild type
(WT), empty vector (EV) transformed line and three independent PhABCG1-RNAi lines (A1,
A6, and A7). (C) Total free internal pools plus glycosides, total free internal pools, total free
alcohols, and alcohol glycosides of petunia volatiles from WT and PhABCG1-RNAi flowers on
day 2 post-anthesis. All data are means ± SEM (n=3 biological replicates). *P<0.05 and
**P<0.01 by Student’s t-test.
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To directly test for transport activity, we expressed His-StrepII–tagged PhABCG1 (Figure 2.5) in
Nicotiana tabacum Bright Yellow 2 (BY-2) suspension cells. Of 50 screened transformants, the
majority gave a positive signal close to the expected molecular mass (75.2kDa), as detected with
antibodies against the His tag (Figure 2.6). Plasma membranes prepared from microsomal
fractions were enriched in both PhABCG1 and the plasma membrane marker H+-dependent
adenosine triphosphatase (Figure 2.7). As a half-size ABC transporter, PhABCG1 possesses a
single membrane domain and a single nucleotide-binding domain and may function as a homoor heterodimer (McFarlane et al., 2010). Because no other half-size ABCG genes were upregulated in flowers as much as PhABCG1 (Figure 2.1), we hypothesized that PhABCG1
functions as a homodimer. When subjected to size-exclusion chromatography, PhABCG1 (Fig
2.8) elutes before the 158-kDa marker (Fig 2.9), consistent with the predicted homodimer size (2
× 75.2 kDa) in a detergent micelle (~70kDa). To test for PhABCG1 transport activity, we chose
methylbenzoate and benzyl alcohol as substrates because they are major VOC constituents
emitted by petunia flowers (Verdonk et al., 2003). On incubation of control and transgenic BY-2
lines expressing PhABCG1 with 14C-labeled substrates, we measured cell-associated
radioactivity corresponding to the difference between passive diffusion into and active transport
out of the cells. The observed decrease in cell-associated radioactivity in transgenic BY-2 cells
relative to control cells demonstrates that PhABCG1 transports methylbenzoate and benzyl
alcohol out of cells (Figure 2.10A). Two additional transgenic BY-2 lines exhibited similar
results (Figure 2.10C). The antibody-expressing BY-2cell line SC6 (Mercx et al., 2016), used as
a negative control, behaved like wild-type cells. Vanadate, a known inhibitor of ABC
transporters, increased methylbenzoate retention by 51% in a PhABCG1-expressing BY-2 line,
confirming the active nature of transport (Figure 2.10B). Transport assays with labeled
monoterpene menthol and an analog of the diterpene sclareol (3H-decahydro-2-hydroxy-2,5,5,8atetramethyl-1-naphthalene ethanol, a substrate of the N. tabacum NtPDR1 transporter (Crouzet et
al., 2013) revealed no difference between PhABCG1-expressing and wild-type BY-2 cells
(Figure 2.10C). We conclude that PhABCG1 transports phenylpropanoid and benzenoid
compounds.
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Figure 2.5 Schematic representation of the construct used for PhABCG1 overexpression in
Nicotiana tabacum BY-2 cells.
(A) The cassette contains the kanamycin resistance gene nptII (KanaR) between the constitutive
promoter pNOS and the tOCS terminator (De Muynck et al., 2009), the fluorescence marker
gene mCherry between the constitutive CaMV 35S promoter and the tNOS terminator and the
PhABCG1 coding sequence with a fused N-terminal His/StrepII tag under the control of the
strong constitutive promoter En2PMA4, 5’ and 3’ UTR from CPMV and the tNOS terminator
(De Muynck et al., 2009). The entire 11,738 bp linear dsDNA fragment was used for
transformation of N. tabacum BY-2 suspension cells by biolistics.
(B) Amino acid sequence of the tag fused to the amino terminal end of PhABCG1. Underlined
are the 10 Histidine tag, the StrepII tag, the sequence recognized by the tobacco etch virus
protease (TEV) and the beginning of the PhABCG1 sequence. (C) Nucleotide sequence of the
tag fused to the amino terminal end of PhABCG1. The ClaI restriction site is shown in bold.
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Figure 2.6 Western blotting analysis of Nicotiana tabacum BY-2 cell lines expressing
PhABCG1.
Western blots were performed using 20 μg of protein from microsomal fractions prepared from
wild type N. tabacum BY-2 (WT) and nine BY-2 lines expressing His/StepII-PhABCG1. Blots
were probed with either HisProbe (upper panel) or anti-H+-ATPase (lower panel) antibodies.
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Figure 2.7 Western blotting analysis of PhABCG1 enrichment in plasma membranes.
Twenty µg of protein from microsomal (MF) and plasma membrane-enriched (PM) fractions
prepared from the PhABCG1-expressing line 9 were analyzed by Western blotting using either
HisProbe (upper panel) or an anti-H+-ATPase antibody (lower panel). A wild type (WT)
microsomal fraction was included as a negative control.
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Figure 2.8 Western blotting of partially purified PhABCG1 expressed in BY-2 cells.
Microsomal fractions from a wild type BY-2 line (WT) and the PhABCG1-expressing line
(PhABCG1-9) were solubilized with dodecyl maltoside and purified on an Ni-NTA column as
indicated in Materials and Methods. The eluates of wild type (EWT) and PhABCG1 (EPhABCG1)
were analyzed by Western blotting using HisProbe. The additional band corresponding to
PhABCG1 is indicated with an arrow.
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Figure 2.9 Size exclusion chromatography analysis of PhABCG1.
Partially purified PhABCG1 shown on Figure S7 was loaded on a Superdex 200 Increase 10/300
GL (GE Healthcare) column.
(A) Elution of size markers with the indicated molecular mass.
(B) The indicated fractions were analyzed by Western blotting using HisProbe.

38

Figure 2.10 Transport assays of PhABCG1 expressed in N. tabacum BY-2 suspension cells.
(A) Wild-type (WT) and PhABCG1-expressing (ABCG1-9) BY-2 cells were incubated with 14Cmethylbenzoate. After the indicated time, cells were harvested and radioactivity counted.
(B) Wild-type (WT) and ABCG1-9 BY-2 cells were incubated 60 min with 14C-methylbenzoate
in presence or absence of vanadate. (C) Transport assays with cells from WT, a line expressing
an antibody (SC6) as a negative control and three PhABCG1-expressing lines (ABCG1-3,
ABCG1-5, and ABCG1-9) with radiolabeled methylbenzoate, benzyl alcohol, menthol and a
sclareol analog. Incubation time was 60 min for each compound. Values represent mean ± SEM
(n=3). **, P < 0.01 (Student’s t test).
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We identified 16 additional ABCG transporter candidates in our RNA-seq data sets (Figure 2.1).
All had lower transcript levels than PhABCG1onday 2 postanthesis, and only two candidates
(Ph4681 and Ph5139) exhibited up-regulation on day2 versus day –1 (Table 2.1, Figure 2.1).
Whereas expression of Ph4681 was found to be 0.5% that of PhABCG1, expression of Ph5139
was 17% that of PhABCG1. However, transient RNAi down-regulation of Ph5139 had no effects
on VOC emission or internal pools (Figure 2.11).

Figure 2.11 Effect of transient PhABCG1 and Ph5139 down-regulation on VOC emission and
internal pools in petunia flowers.
Black and white columns represent flowers infiltrated with empty vector control or RNAi
constructs, respectively. Upper panels, PhABCG1-RNAi used as a positive control; lower panels,
Ph5139-RNAi. Transcripts levels (A), total VOC emission (B) and total VOC internal pools (C)
are shown relative to empty vector control, set as 100%. All data are means ± SEM (n=3). *, P <
0.05 and **, P < 0.01 by Student’s t-test compared to empty vector.
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Phylogenetic analysis of all petunia flower ABCG transporters identified by RNA-seq and halfsize Arabidopsis thaliana transporters with known function revealed PhABCG1 to have one
closely related petunia protein, Ph19708 (65% amino acid identity), and no Arabidopsis ortholog
(Figure 2.12). Ph19708 expression was 0.2% that of PhABCG1 (Figure 2.1), indicating that it
has little, if any, contribution to VOC emission. Two additional PhABCG1 homologs (Ph13519
and Ph9795, sharing~45%amino acid identity with PhABCG1) clustered with three Arabidopsis
ABCG transporters known for transporting wax precursors (AtABCG11, AtABCG12, and
AtABCG13) (Kang et al., 2011) and clustered separately from PhABCG1 and Ph19708 (Figure
2.12)

Figure 2.12 Neighbor-joining phylogenetic tree including 17 PhABCG transporters expressed
in petunia flowers.
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Figure 2.12 Neighbor-joining phylogenetic tree including 17 PhABCG transporters expressed
in petunia flowers (continued).
The phylogenetic tree of 17 PhABCG transporters identified as expressed in petunia flowers by
RNAseq (blue text) was drawn using the MEGA 6 software. In addition, 15 Arabidopsis thaliana
(At) half-size ABCG transporters, for which a function has been identified, were added as well
as a few full-size ABCG transporters with known function from Arabidopsis thaliana, Nicotiana
plumbaginifolia (Np), Nicotiana tabacum (Nt) and Catharanthus roseus (Cr) (black text) as an
outgroup to build the tree. The optimal tree with the sum of branch length equal to 11.68655660
is shown. The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The scale corresponds to the number
of amino acid substitutions per site. Bootstrap percentages higher than 50% are shown (500
iterations). The cluster corresponding to Arabidopsis wax transporters AtABCG11, AtABCG12
and AtABCG13 is highlighted in green and the cluster of PhABCG1 and Ph19708 is shown in
blue.
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To check whether PhABCG1contributes to wax precursor transport, we analyzed wax in wildtype and PhABCG1-RNAi flowers (Figure 2.13). We found no statistically significant
differences in wax composition, quantity, and thickness, indicating that PhABCG1is not
involved in export of wax constituents. To test our model prediction that accumulated VOCs
have detrimental effects on membrane integrity (Widhalm et al., 2015), we stained petunia petals
of 2-day-old wild-type and PhABCG1-RNAi flowers with two compounds having different
modes of action. The first, propidium iodide, diffuses into cells and stains nucleic acids only if
the plasma membrane is disrupted (Rolny et al., 2011). The second, fluorescein diacetate, passes
through intact cell membranes and remains colorless until the acetate moiety is removed by
intracellular esterases. The deacetylated fluorescein is fluorescent and unable to pass through
intact cellular membranes (Krasnow et al., 2008). We found that in PhABCG1-RNAi petals,
propidium iodide stained nuclei, consistent with damage to the plasma membrane by
accumulated VOCs (Figure 2.14). Mimicking this effect, wild-type flowers exhibited similar
staining when fed with high concentrations (15 to 30mM) of benzaldehyde (Figure 2.15). We
also found less fluorescein staining in PhABCG1-RNAi petals (Figure 2.14B), providing
independent evidence for disruption of the cell membrane. Flowers from PhABCG1-RNAi lines
were smaller and had reduced fresh weight relative to controls (Figure 2.16). However, scanning
electron microscopy of the epidermal conical cells of transgenic and wildtype petals revealed no
difference in basal diameter of cells or cell shape (Figure 2.17). This suggests that differentiation
and expansion of these cells take place before VOC accumulation and thus are unaffected.
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Figure 2.13 Effect of PhABCG1 down-regulation on wax thickness, composition and quantity
and in petunia flowers.
(A) Representative TEM pictures of cross-sections of wild-type (WT) and PhABCG1-RNAi A1
(A1) flower epidermal cells.
(B) Cuticle thickness measured in epidermal cells of WT and PhABCG1-RNAi A1 flowers. Data
represent average ± SEM of cuticle thickness of a minimum of 6 cells. From 2 to 7
measurements were taken in multiple locations per individual cell. Student’s t-test did not show
significant difference.
(C) Representative chromatogram of a derivatized hexane wax extract from petunia flowers
analyzed with GC-MS. (D) Quantification of the major epicuticular wax alcohols from wild type
and PhABCG1-RNAi A1 petunia flowers. Data represent averages ± SD from 3 biological
replicates each containing at least 3 flowers.
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Figure 2.14 Effect of PhABCG1 down-regulation on cell membrane integrity in petunia flowers.
(A) Confocal microscopy images of 2-day-old wild-type (WT) and PhABCG1 transgenic flowers
stained with propidium iodide (scale bars = 50 µM).
(B) Confocal microscopy images of 2-day-old WT and PhABCG1 transgenic flowers stained
with fluorescein diacetate (scale bars = 20 µM).
(C) Quantification of fluorescence intensity of fluorescein in WT and PhABCG1 A1 line stained
with fluorescein diacetate. Values represent mean ± SE (n=19) (Student’s t test: ***,
P < 0.001).
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Figure 2.15 Mimicking VOC toxicity by feeding wild-type petunia petals with a range of
concentrations of benzaldehyde.
Two-day old wild type petunia petals were fed with benzaldehyde at 0 (A), 3 mM (B), 7.5 mM
(C), 15 mM (D) and 30 mM (E) for 3 hrs with subsequent incubation with propidium iodide for 1
hr. Feeding of benzaldehyde led to an increase in internal pools of volatiles (F) due to increase in
benzaldehyde, benzyl alcohol, methylbenzoate, and benzylbenzoate. A VOC concentration
dependent effect was observed with extensive nuclei staining in 30 mM benzaldehyde-fed
flowers, low staining in 15 mM benzaldehyde-fed flowers, and little to no staining after feeding
up to 3 mM and 7.5 mM of benzaldehyde. Scale bars are 100 µM.
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Figure 2.16 Effect of PhABCG1 downregulation on flower phenotype.
(A) Representative 1 day old petunia flowers from wild type (WT) and 3 independent
PhABCG1-RNAi lines (A1, A6 and A7), Data represent (B) corolla diameter and (C) flower
weight from (WT), empty vector (EV) transformed flower and 3 independent PhABCG1-RNAi
lines (A1, A6 and A7). Data represent averages ± SD, n = 40. ***, P < 0.001 by Student’s t-test.
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Figure 2.17 Effect of PhABCG1 down-regulation on flower epidermal cell morphology.
(A) Scanning electron micrograph (SEM) of inner epidermal cells of wild-type (WT) and
PhABCG1-RNAi A1 petals from flowers 2 days post-anthesis. Scale bar, 10 µm.
(B) Cell diameter measured at the base of the conical cells shown in (A). Data represent averages
± SD, n=30. Student’s t-test did not reveal significant difference in between WT and A1.
(C) Environmental scanning electron micrograph (eSEM) on flower petals. Scale bars, 100µm
for upper panel, 20 µm for lower panel.
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Here we show that VOC emission from petunia flowers depends not on passive diffusion
but rather on protein-mediated transport across the plasma membrane. Transporters may regulate
emission of VOCs in other plants and in organisms throughout other kingdoms of life, where
VOCs play important roles in chemical communication.

2.4

Materials and methods

2.4.1 Plant materials and growth conditions
Petunia hybrida cv. Mitchell diploid (W115; Ball Seed Co., West Chicago, IL) wild-type and
transgenic plants were grown under standard greenhouse conditions with a light period from 6:00
h to 21:00 h. The PhABCG1-RNAi construct was generated as described previously (Widhalm et
al., 2015) with some modifications. Briefly, to create a hairpin structure, DNA containing two
spliced PhABCG1 cDNA fragments corresponding to nucleotides 559-1071 and 559-871 (in
antisense orientation) was synthesized (Genscript, Piscataway, NJ). Before synthesis, the Sol
Genomics Network VIGS Tool (http://vigs.solgenomics.net/) (Fernandez-Pozo et al., 2015) was
used to verify that the designed PhABCG1 dsRNA trigger would not result in off-target
interference. The analysis was conducted by comparing the PhABCG1 RNAi target sequence
against the Petunia axillaris and Petunia inflata (parents of Petunia hybrida) (Bombarely et al.,
2016) genomes using default parameters, except that the n-mer setting was adjusted to 24
nucleotides, which is generally considered to be below the threshold to efficiently trigger down
regulation (Parrish et al., 2003). This analysis revealed that no other genes could be targeted by
the PhABCG1 dsRNA trigger. In addition, the maximum stretch of uninterrupted shared
sequence with an off-target gene in our RNA-Seq dataset was found to be 16 nucleotides with
Ph19708 (Figure 2.18). 5′-EcoRI and 3′-BamHI sites were introduced for directional cloning of
the RNAi fragment into a pRNA69 vector containing the Clarkia breweri linalool synthase (LIS)
petal-specific promoter (Cseke et al., 1998). The resulting cassette containing the LIS promoter
and the synthetic PhABCG1 hairpin fragment was cut with NotI and SacI and subcloned into a
pART27 simpler binary vector (Gleave, 1992). PhABCG1-RNAi transgenic plants were
generated via Agrobacterium tumefaciens (strain GV3101 carrying PhABCG1-RNAi) mediated
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transformation using the standard leaf disk transformation method (Horsch et al., 1985) and 19
transgenic lines were screened for levels of PhABCG1 mRNA and emitted VOCs.

Figure 2.18 The PhABCG1-RNAi construct specifically triggers down regulation of PhABCG1.
(A) Schematic presentation of domain arrangements in PhABCG1 protein. (B) Diagram
depicting location of region used to generate the PhABCG1 dsRNA trigger and a nucleotide
alignment of the PhABCG1 region targeted by the RNAi trigger with its closest petunia
homolog, Ph19708. In this region, there is 79% identity between PhABCG1 and Ph19708 and no
stretch greater than 16 uninterrupted nucleotides is shared between the two expressed genes. (C)

50
There is no significant difference in Ph19708 expression between wild type (WT) and
PhABCG1-RNAi day 2 flowers. All data are means ± SEM (n=3).
2.4.2 RNA isolation and qRT-PCR analysis
Total RNA was isolated from wild-type and PhABCG1-RNAi petals (minimum of three flowers
for each biological replicate) harvested at 15:00 h on day 2 post-anthesis using the Spectrum
Plant Total RNA Kit (Sigma-Aldrich, St Louis, MO, USA). Total RNA samples were treated
with DNaseI to eliminate genomic DNA using the RQ1 RNase-Free DNase kit (Promega,
Madison, WI, USA) and were reverse transcribed to cDNA using the EasyScript cDNA synthesis
kit (Applied Biological Materials Inc, Canada). PhABCG1 mRNA expression was analyzed
relative to the reference gene UBQ10 (ubiquitin 10) by qRT-PCR as previously described [36].
Gene specific primers for PhABCG1 were 5′-TGGCGGATTTTTTCGATTAC-3′ and
5′-ACTCGTTCTTGAACATCCCTTCA-3′ and for UBQ10 were
5′-GTTAGATTGTCTGCTGTCGATGGT-3′ and 5′-AGGAGCCAATTAAAGCACTTATCAA3′. Final concentrations for all primers in each individual reaction were 300 nM. Each data point
represents an average of three independent biological samples. To verify that expression of
Ph19708 was not affected by the PhABCG1 RNAi construct, the following forward and reverse
gene-specific primers were used to check Ph19708 expression by qRT-PCR:
5-GCCAACTTCACAACGCAAAG-3’ and 5-ATCCCAAATCGCGGAACAT-3’. Indeed,
Ph19708 expression was unchanged in PhABCG1-RNAi lines (Figure 2.18).

2.4.3 Targeted metabolite profiling
Emitted volatiles were collected from detached flowers of wild-type and PhABCG1-RNAi
transgenic lines (three flowers per biological replicate) from 18:00 h to 22:00 h on day 2 postanthesis using a headspace method and analyzed by gas chromatography-mass spectrometry
(GC-MS) as previously described (Dudareva et al., 2000). To determine internal pools of
volatiles, 0.5 g of petal tissue was collected at 22:00 h, frozen in liquid nitrogen, ground to a fine
powder and internal pools were extracted by dichloromethane for ~12 hs with shaking at 4°C.
Samples were concentrated under a stream of nitrogen gas and analyzed by GC-MS as described
previously (Orlova et al., 2006). For alcohol glycosides, ~0.3 g of petal tissue collected at 22:00
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h was ground to a fine powder in liquid nitrogen and extracted with 3 mL MeOH overnight at 20°C. Samples were centrifuged at 2500 x g for 5 min and supernatant was dried with a
SpeedVac. Dry samples were resuspended in 1 mL phosphate-citrate buffer (100 mM, pH 5) and
200 µL Viscozyme® L (Sigma-Aldrich, St Louis, MO, USA) was added before covering with
500 µL of hexane. Samples were incubated at 37°C overnight with a gentle shaking (120 rpm).
Samples were extracted with additional 500 µL hexane containing internal standard and analyzed
by GC-MS.

2.4.4 Propidium iodide and fluorescein diacetate staining
Petals of wild-type and PhABCG1-RNAi flowers collected at 3 PM on day 2 post-anthesis were
incubated in propidium iodide solution (10 μg/mL, Invitrogen, Carlsbad, CA) at room
temperature for 1 h with shaking. Confocal fluorescence microscopy was carried out as described
previously (Yanagisawa et al., 2015) with some modifications. Briefly, a Yokogawa spinning
disk CSU-XI confocal head (Yokogawa Electric Corporation) mounted on a Zeiss Observer.Z1
inverted microscope was used to perform confocal fluorescence microscopy. A 20X PlanApo 0.8
NA dry-immersion objective was used. Propidium iodide was excited by a 561 laser and images
acquired through a 617/73 emission filter. To mimic the toxicity of VOCs accumulated within
the cell, wild-type petunia petals, collected at 9 AM on day 2 post-anthesis were fed with the
range of concentrations (0, 3, 7.5, 15 and 30 mM) of benzaldehyde for 3 hours as described
previously (Boatright et al., 2004) with subsequent incubation with propidium iodide. After
feeding the tissue was split in half and used for analysis of VOC internal pools and confocal
microscopy. For fluorescein diacetate staining, petal tissues were incubated in fluorescein
diacetate solution (50 µg/mL, Sigma-Aldrich, St Louis, MO, USA) at 4°C for 30 min with
shaking, followed by gentle rinsing with water three times and confocal microscopy was
performed as described above. A 60X C-Apo 1.2 NA dry-immersion objective was used.
Fluorescein was excited by a 488 laser and images acquired through a 525/50 emission filter. All
images were captured with 20% laser power and 50 ms exposure time. Signal intensity values
were analyzed using ImageJ (https://imagej.nih.gov/ij/).
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2.4.5 Heterologous expression of PhABCG1
The coding sequence of P. hybrida ABCG1 (JQ088099) was amplified by PCR from genomic
DNA using the forward primer
5’- GCGCCATCGATACAAACCAATTACCAAACAAAGTGG-3’, which introduced a ClaI
restriction site (shown in bold) and eliminated the initiating ATG codon for translational fusion
to a N-terminal 10His-StrepII tag, and the reverse primer
5’-CGCCTTAATTAACTAGGAATCAAATACATCCAAAGG-3’, containing a PacI site
(shown in bold). The amplified coding region was blunt-end cloned in pJET1.2/blunt vector
(Thermo Fisher Scientific) and sequenced to verify that no errors has been introduced during
PCR amplification. The coding region was fused to an amino-terminal 10His-StrepII tag
followed by a tobacco etch virus protease cleavage site (Figure 2.5) and transferred to a
pAUX3131 vector (Goderis et al., 2002) between the En2PMA4 strong constitutive promoter and
the tNOS terminator (De Muynck et al., 2009). The cassette was inserted in a pPZP-RCS2 vector
(Goderis et al., 2002) containing the kanamycin resistance gene nptII. The plasmid was
linearized and used to transform N. tabacum cv. Bright Yellow 2 (BY-2) (Nagata et al., 1992)
suspension cells by biolistics. The BY-2 cell lines were cultivated as described by (Niczyj et al.,
2016).

2.4.6 Transport assays with BY-2 cells
Three days after dilution with a fresh MS medium, the BY-2 cell cultures were vacuum filtered
on 3MM cellulose filters (WhatmanTM) using a 10-place filtration manifold (Hoefer, Inc.) and
washed twice with 10 mL MS medium. The cells were subsequently resuspended at a density of
0.07 g cells/mL in the same medium and incubated for 150 min at 25°C. Four milliliters of the
cultures were then transferred to 6-well plates (Greiner), placed under agitation (90 rpm) and 4
µL of radiolabeled substrates were added to the culture medium. The final concentrations of
radiolabeled substrates were: 2 µM for [phenyl-14C(U)]-methylbenzoate (39 mCi/mmol, Vitrax
Co.), 1 µM for [phenyl-14C(U)]-benzyl alcohol (55 mCi/mmol, Vitrax Co.), 50 nM for [1-3H](±)-menthol (2 Ci/mmol, Vitrax Co.) and 5 µM for a sclareol analog [3H]-decahydro-2-hydroxy2,5,5,8a-tetramethyl-1-naphtalene ethanol (2 mCi/mmol – (Jasiński et al., 2001)). After
incubation for the indicated periods of time, 1 mL of the cell culture was filtered on 3MM
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cellulose filters pre-wetted with 3 mL of ice-cold MS medium supplemented with 100 µM
unlabeled substrate using a 10-place filtration manifold. Immediately after filtration, the cells
were washed three times with the same medium, dried for 10 min at 37°C, and subsequently
transferred to 3 mL of liquid scintillation fluid (Lumasafe, PerkinElmer) for radioactivity
counting (Beckman LS 1701). The raw data, counts per minute (CPM), were converted to
pmol·g-1FW product based on specific activity of the substrate and efficiency of counting. For
the inhibition studies, transport assays were performed as above with 2 µM [phenyl-14C(U)]methylbenzoate for 60 min in absence and presence of 500 µM vanadate, a phosphate analog that
impairs ABC transport activity.

2.4.7 Preparation of microsomal and plasma membrane enriched fractions from BY-2 cells
Microsomal fractions from BY-2 suspension cells were prepared as described previously (Niczyj
et al., 2016). The resulting microsomes were resuspended in suspension buffer (5 mM KH2PO4,
330 mM sucrose, 3 mM KCl, pH 7.8 (KOH), 1 mM phenylmethylsulfonylfluoride (PMSF), and
protease inhibitor cocktail (leupeptin, aprotinin, antipain, pepstain and chymostain, each at 2
µg/mL) to a protein concentration of approximately 10 mg/mL. The samples were either frozen
in liquid nitrogen and stored at -80°C until further use or used directly for plasma membrane
preparation. Plasma membranes were purified from 200 mg of a microsomal fraction by
partitioning in an aqueous polymer two-phase system (Larsson et al., 1987). The plasma
membranes (approximately 1 mg of protein) were resuspended at 5 mg/mL in 10 mM Tris-HCl
(pH 7.8), 330 mM sucrose and 0.1 mM Na2EDTA, frozen in liquid nitrogen and stored at -80°C
until further use.

2.4.8 Western blotting
Immunoblotting was performed as described previously (Crouzet et al., 2013). Briefly, after
transfer of the proteins and blocking, the membranes were washed for 5 min and incubated either
for 2 h with the (Ni2+)-activated HisProbe-HRP (horseradish peroxidase) conjugate (Thermo
Scientific) or for 1 h with anti-H+-ATPase primary antibodies followed by 1 h with HRPconjugated anti-rabbit IgG antibodies. HisProbe-HRP was diluted at a ratio of 1:1,000, whereas
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anti-H+-ATPase was diluted at 1:100,000 and anti-rabbit IgG at 1:10,000. After three 5 min
washes, the antigen-antibody complexes were detected by the enhanced chemiluminescence
method (Roche). The signals were recorded using a Kodak Image Station 4000R device.

2.4.9 Purification and gel filtration
The purification of PhABCG1 was adapted from (Toussaint et al., 2017). Microsomal proteins
(400 mg) were solubilized with 0.5% dodecyl maltoside (DDM) at a detergent:protein ratio of
2:1 in solubilization buffer (20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 20 mM imidazole, 10%
(w/v) glycerol, protease inhibitors cocktail) for 30 min at 4°C under slow agitation. Nonsolubilized material was removed by centrifugation for 30 min at 100,000 g. One ml bed volume
of Ni-NTA Agarose (Qiagen) previously equilibrated with the solubilization buffer
supplemented with 0.03% maltose–neopentyl glycol (MNG) was added to the supernatant. After
2 h of incubation with slight agitation at 4°C (batch process), the resin was loaded in a
chromatography column (Poly-Prep 20 mL, Bio-Rad), washed with 10 mL of washing buffer (20
mM Tris-HCl (pH 7.5), 50 mM NaCl, 20 mM imidazole, 10% (w/v) glycerol, 0.03% (w/v)
MNG, protease inhibitors cocktail). Bound proteins were eluted with 3 mL of elution buffer (20
mM Tris-HCl (pH 7.5), 100 mM NaCl, 300 mM imidazole, 10% (w/v) glycerol, 0.03% (w/v)
MNG, protease inhibitors cocktail) and desalted through a 5 mL Sephadex-G25 PD-10 column
(GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10% (w/v) glycerol,
0.03% (w/v) MNG). The resulting sample (4 mL) was concentrated by filtration through a
Sartorius VivaSpin 2 filter (100 kDa cut off) to a final volume of 500 µL. The concentrate was
loaded on a Superdex 200 Increase 10/300 GL (GE Healthcare) gel filtration column coupled to
an ÄKTA Explorer (GE Healthcare) system. Proteins were eluted in 20 mM Tris-HCl (pH 7.5),
50 mM NaCl, 10% (w/v) glycerol, 0.03% (w/v) MNG at a rate of 0.4 mL/min. Protein
absorbance was monitored at 280 nm and elution fractions of 1 mL were recovered and analyzed
by immunoblotting.
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2.4.10 Transient PhABCG1 and Ph5139 down-regulation
Transient down-regulation of PhABCG1 and Ph5139 was carried out as previously described
(Yoo et al., 2013). The PhABCG1-RNAi construct utilized for stable transformation (see above)
was used for transient down-regulation. For the Ph5139-RNAi construct, a hairpin structure
containing two spliced Ph5139 cDNA fragments corresponding to nucleotides 896-1400 and
896-1195 (in antisense orientation) were synthesized (Genscript, Piscataway, NJ) and inserted in
the pENTR™/SD/D-TOPO® entry vector (Invitrogen, Carlsbad, CA). The resulting cassette was
moved into the binary vector pB2WG7 with the Gateway™ LR Clonase™ II Enzyme Mix Kit
(Invitrogen, Carlsbad, CA) and transformed into Agrobacterium tumefaciens strain GV3101. At
least 20 one-day-old open wild-type petunia flowers were vacuum infiltrated with
Agrobacterium tumefaciens strain GV3101 carrying either PhABCG1-RNAi, Ph5139-RNAi or
the empty pB2WG7 vector (control). Volatiles were collected 2 days post-infiltration for 4 h
from 18:00 h to 22:00 h and analyzed by GC-MS as described above. Internal pools of volatiles
were extracted at 22:00 h and analyzed by GC-MS. PhABCG1 and Ph5139 expression was
analyzed by qRT-PCR as described above. Samples for RNA extraction were harvested at
17:00 h 2 days post-infiltration. Specific primers for Ph5139 were
5′- GTGACATTCTGGGCAGTTGG-3′ and 5′- TTCCCTGCCCAAAATGAAGC-3′.

2.4.11 Analysis of cuticle composition
For analysis of cuticular waxes, petals of wild-type and PhABCG1-RNAi day 2 post-anthesis
flowers were dipped in 15 mL of GC-grade hexane for 30 s. Naphthalene was added as an
internal standard, and the extracts were evaporated to dryness under a gentle stream of nitrogen
gas. The dried residue was solubilized in equal amounts of BSTFA (N,Obis(trimethylsilyl)trifluoroacetamide) and pyridine and heated at 100°C for 20 min. Excess
BSTFA and pyridine was evaporated under N2, then samples were solubilized in 200 µL of
hexane and analyzed on a Agilent 7890A gas chromatograph equipped with a HP5-MS column
(0.25 mm x 30m x 0.25µm, Agilent, Santa Clara, CA) and coupled to a 5975C inert MSD
quadrupole mass spectrometer. The GC separation conditions were: an initial 2 min hold at
50°C, followed by a 40°C/min temperature ramp to 200°C and held for 10 min, then increased at
3°C/min to 280°C, and held at 280°C for 10 min. Compounds were identified based on retention
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times and fragmentation patterns and quantified by peak areas relative to the internal standard.
Values are the average of three biological replicates each containing three flowers, and statistical
comparison of identified peak amounts was determined by Student’s t-test.

2.4.12 Transmission electron microscopy
Petals of wild-type and PhABCG1-RNAi day 2 post-anthesis flowers were immersed in fixative
solution composed of 2.5% formaldehyde, 2.5% glutaraldehyde, 100 mM sodium cacodylate, pH
7.4 (Electron Microscopy Sciences, Hatfield, PA). After primary fixation, samples were washed
with 0.1 M cacodylate buffer and post-fixed with 1% osmium tetroxide in 0.1 M cacodylate
buffer, dehydrated in a gradient series of acetone, infiltrated and embedded in spurr resin. 70 nm
thin sections were obtained with a Power Tome Ultramicrotome (RMC, Boeckeler Instruments.
Tucson, AZ) and post-stained with uranyl acetate and lead citrate. Images were taken with JEOL
100CX Transmission Electron Microscope (Japan Electron Optics Laboratory, Japan) at an
accelerating voltage of 100 kV.

2.4.13 Scanning electron microscopy
Petals of wild type and PhABCG1-RNAi day 2 post-anthesis flowers were sampled and prepared
using methods described previously (Wetzstein et al., 2011). Briefly, petals were fixed in 2%
(v/v) glutaraldehyde in 100 mM cacodylate buffer pH 7.2, dehydrated in an ethanol series, and
critical-point dried through carbon dioxide using a critical point drier (Autosamdri-931;
Tousimis Research, Rockville, Maryland). Dried samples were mounted on aluminum stubs
using carbon conductive tabs and sputter (208HR; Cressington, Watford, England) coated with
gold. Samples were examined using a scanning electron microscope (Nova NanoSEM; FEI,
Hillsboro, OR) at 5 kV.

2.4.14 Phylogenetic analysis
The complete amino acid sequences of 17 predicted PhABCGs and 21 functionally characterized
plant ABCG transporters were aligned by Muscle using the MEGA6 software (Tamura et al.,
2013). The evolutionary history was inferred using the Neighbor-Joining method. The
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evolutionary distances were computed using the Poisson correction method and are in the units
of the number of amino acid substitutions per site. Numbers at the nodes correspond to the
percentage of 500 replicate bootstrap trees, which resolve the clade at the endpoints of that
branch. The analysis involved 38 amino acid sequences. All ambiguous positions were removed
for each sequence pair. There were a total of 1966 positions in the final dataset. Evolutionary
analyses were conducted in MEGA6.
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COMPLETION OF THE CORE Β-OXIDATIVE
PATHWAY OF BENZOIC ACID BIOSYNTHESIS IN PLANTS

3.1

Abstract

Despite the importance of benzoic acid (BA) as a precursor for a wide array of primary and
secondary metabolites, its biosynthesis in plants has not been fully elucidated. BA formation
from phenylalanine requires shortening of the C3 side chain by two carbon units, which can
occur by a non–β-oxidative route and/or a β-oxidative pathway analogous to the catabolism of
fatty acids. Enzymes responsible for the ﬁrst and last reactions of the core BA β-oxidative
pathway (cinnamic acid → cinnamoyl-CoA → 3-hydroxy-3-phenyl-propanoyl-CoA → 3-oxo-3phenylpropanoyl-CoA → BA-CoA) have previously been characterized in petunia, a plant with
ﬂowers rich in phenylpropanoid/benzenoid volatile compounds. Using a functional genomics
approach, we have identiﬁed a petunia gene encoding cinnamoyl-CoA hydratase-dehydrogenase
(PhCHD), a bi- functional peroxisomal enzyme responsible for two consecutively occurring
unexplored intermediate steps in the core BA β-oxidative pathway. PhCHD spatially,
developmentally, and temporally coexpresses with known genes in the BA β-oxidative pathway,
and correlates with emission of benzenoid volatiles. Kinetic analysis of recombinant PhCHD
revealed it most efﬁciently converts cinnamoyl-CoA to 3-oxo-3-phenylpropanoyl-CoA, thus
forming the substrate for the ﬁnal step in the pathway. Down-regulation of PhCHD expression in
petunia ﬂowers resulted in reduced CHD enzyme activity, as well as decreased formation of BACoA, BA and their derived volatiles. Moreover, transgenic lines accumulated the PhCHD
substrate cinnamoyl-CoA and the upstream pathway intermediate cinnamic acid. Discovery of
PhCHD completes the elucidation of the core BA β-oxidative route in plants, and together with
the previously characterized CoA-ligase and thiolase enzymes, provides evidence that the whole
pathway occurs in peroxisomes.

This Chapter is published in Proc. Nat. Acad. Sci. USA, Vol. 40, Issue 109,
pp. 16383-16388. DOI:10.1073/pnas.1211001109. My contributions are outlined in the
acknowledgements section.
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3.2

Introduction

Benzoic acid (BA) and its derivatives are important structural elements in a large number of
natural products thus playing many valuable roles in plant metabolism. These compounds not
only perform critical functions in plant ﬁtness (e.g., as plant growth regulators, defensive
compounds, pollinator attractants) but also are extensively used as preservatives and ﬂavor
enhancers, analgesics, antiseptics, chemotherapeutics, and feed stocks for chemical syntheses
(Dudareva et al., 2006; Mahjoub et al., 2010; Davidson et al., 2005; Quan et al., 1996;
Veeresham et al., 2003). Despite its simple structure and widespread distribution, full
understanding of the biochemical pathways leading to BA formation remains incomplete.

In plants, BA biosynthesis occurs through multiple routes that arise from the phenylpropanoid
pathway and begins with the deamination of L-phenylalanine (Phe) to trans-cinnamic acid (CA)
by phenylalanine ammonia lyase (PAL) (Coquoz et al., 1998; Silverman et al., 1995; Yalpani et
al., 1993). Subsequent conversion of CA to BA requires shortening of the C3 side chain by two
carbons and is proposed to occur via either a CoA-dependent β-oxidative pathway (Hertweck et
al., 2001; Jarvis et al., 2000), a CoA-independent non– β-oxidative pathway (Abd El-Mawla &
Beerhues, 2002; Long et al., 2009), or a combination of these pathways (Boatright et al., 2004;
Orlova et al., 2006) (Figure 3.1). Indeed, in vivo stable-isotope labeling with computer-assisted
metabolic ﬂux analysis in petunia ﬂowers has already revealed that both the β-oxidative and
non–β-oxidative pathways contribute to the formation of benzenoid compounds in plants
(Boatright et al., 2004; Orlova et al., 2006). The proposed β-oxidative route is analogous to that
operating in catabolism of fatty acids and certain branched-chain amino acids in plant
peroxisomes (Beuerle & Pichersky, 2002; Orlova et al., 2006; Wildermuth, 2006). In this
pathway, the ﬁrst committed step is conversion of CA to its CoA thioester, cinnamoyl-CoA (CACoA), catalyzed in petunia by a peroxisomal cinnamate-CoA ligase (PhCNL) (Klempien et al.,
2012). Subsequent formation of benzoyl-CoA (BA-CoA) requires three sequential reactions
[CA-CoA → 3-hydroxy-3-phenylpropanoyl-CoA (3H3PP-CoA) →3-oxo-3-phenylpropanoylCoA (3O3PP-CoA) → BA-CoA; Figure 1], the last of which has been described in petunia to
occur via a peroxisomal 3-ketoacyl-CoA thiolase (PhKAT1) (Moerkercke et al., 2009). Gene(s)
responsible for the core steps of β-oxidative BA biosynthesis, formation of 3H3PP-CoA and
3O3PP-CoA (Figure 1), still remain unknown. Biosynthesis of these intermediates requires
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consecutive enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase activities, both of
which could be fulﬁlled by a single multifunctional protein (MFP) similar to those used in
peroxisomal β-oxidation of fatty acids (Graham & Eastmond, 2002).

Figure 3.1 The benzoic acid biosynthetic network in plants.
Solid arrows show established biochemical reactions, and dashed arrows depict possible steps
not yet identiﬁed. Stacked arrows show the involvement of multiple enzymatic steps. The CoAdependent β-oxidative pathway leading to BA-CoA formation is localized in peroxisomes and
shown with a gray background. The proposed routes of the non–β-oxidative pathway in cytosol
are also depicted.
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Figure 3.1 The benzoic acid biosynthetic network in plants (continued).
BA-CoA, benzoyl-CoA; BAlc, benzylalcohol; BAld, benzaldehyde; BALDH, benzaldehyde
dehydrogenase; BB, benzylbenzoate; BPBT, benzoyl-CoA:benzylalcohol/2- phenylethanol
benzoyltransferase; BSMT, benzoic acid/salicylic acid carboxyl methyltransferase; CA,
cinnamic acid; CA-CoA, cinnamoyl-CoA; 4CL, 4-coumarate-CoA ligase; Eug, eugenol; EGS,
eugenol synthase; IEug, isoeugenol; IGS, isoeugenol synthase; 3H3PPA, 3-hydroxy-3phenylpropionic acid; 3H3PP-CoA, 3-hydroxy-3-phenylpropanoyl-CoA; KAT, 3-ketoacyl-CoA
thiolase; MeBA, methylbenzoate; 3O3PP-CoA, 3-oxo-3-phenylpropanoyl-CoA; PAAS, phenylacetaldehyde synthase; PEB, phenylethylbenzoate; PhAld, phenylacetaldehyde; and PhEth, 2phenylethanol.
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The ﬂowers of Petunia hybrida cv Mitchell emit high levels of benzenoid volatiles (Boatright et
al., 2004; Verdonk et al., 2003), making it an ideal model system for the elucidation of BA
biosynthesis. Using a functional genomics approach, we have identiﬁed a petunia gene encoding
cinnamoyl- CoA hydratase-dehydrogenase (PhCHD), a bifunctional enzyme responsible for the
two-step conversion of CA-CoA to 3O3PP-CoA. Transgenic petunia plants with RNAi downregulation of PhCHD were deﬁcient in BA and BA-CoA while exhibiting four- and ﬁvefold
accumulations of CA and CA-CoA, respectively. PhCHD activity is enriched in peroxisomes,
and coupling of recombinant PhCHD and PhKAT1 enzymes resulted in formation of BA-CoA
from CA-CoA. Together these data revealed involvement of PhCHD in BA biosynthesis and
complete elucidation of the core CoA-dependent β-oxidative pathway in plants.

3.3

Results

3.3.1 Gene encoding a multifunctional protein is highly expressed in petunia flowers
In plants, the β-oxidation of Δ2–trans unsaturated short- and long-chain acyl-CoAs require
enoyl-CoA hydratase and 3- hydroxyacyl-CoA dehydrogenase activities fulﬁlled by a type I
MFP, which is encoded by a single fused gene (Graham, 2008). The Arabidopsis genome
contains two type I MFPs, AIM1 (At4g29010) and MFP2 (At3g06860), encoding proteins with
58% identity and exhibiting the abovementioned activities (Richmond & Bleecker, 1999; Rylott
et al., 2006). Thus, we used these sequences for tblastn searches against a petunia petal-speciﬁc
EST database (Boatright et al., 2004), the Sol genomics network (www.solgenomics. net), as
well as the Gene Indices at Dana Farber Cancer Institute
(http://compbio.dfci.harvard.edu/tgi/tgipage.html) to identify an MFP candidate(s) acting on
aromatic acyl-CoA intermediates in the BA β-oxidative biosynthetic pathway. Two ESTs
(1.1.O05 and SGN-U210479 from the petunia petal-speciﬁc EST database and Sol genomics
network, respectively), as well as two contigs (TC6988 and TC15042 from the Gene Indices)
were found to correspond to a single gene, which based on the work presented below, was
designated as PhCHD for Petunia hybrida cinnamoyl-CoA hydratase-dehydrogenase. Searching
the Gene Indices uncovered six additional candidates (TC10274, TC7383, FN000667, TC12800,
TC9756, and TC10560) highly similar to Arabidopsis AIM1 and MFP2. Because expression of
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genes involved in biosynthesis of benzenoid volatiles is highest in corolla (Boatright et al., 2004;
Klempien et al., 2012; Maeda et al., 2010; Moerkercke et al., 2009), the scent-producing organ
of petunia ﬂowers (Boatright et al., 2004), gene-speciﬁc primers were designed for all seven
candidates to perform a quantitative RT-PCR (qRT-PCR) screen for those highly expressed in
this tissue. Six candidates showed little to no expression in corolla (Figure 3.2A), and did not
display an expression proﬁle consistent with ﬂoral benzenoid production (Figure 3.3) (Boatright
et al., 2004; Klempien et al., 2012; Maeda et al., 2010; Moerkercke et al., 2009), and were thus
not considered further. PhCHD, however, was highly expressed in the corolla (Figure 3.2A) and
its tissue expression pattern (Figure 3.2B) was consistent with formation of benzenoid volatiles
(Boatright et al., 2004; Klempien et al., 2012; Maeda et al., 2010; Moerkercke et al., 2009).
Moreover, PhCHD displayed developmental and rhythmic expression proﬁles (Figure 3.2C and
D) typical for genes involved in scent-production (Boatright et al., 2004; Maeda et al., 2010),
including PhCNL (Klempien et al., 2012) and PhKAT1 (Moerkercke et al., 2009) from the BA
β-oxidative pathway. A full-length cDNA corresponding to PhCHD was obtained by 5′-RACE
and found to encode a protein of 724 amino acids with a calculated molecular mass of 78.1 kDa.
This protein contains one hydratase and two dehydrogenase domains, and is 75 and 58%
identical to Arabidopsis AIM1 and MFP2 (Richmond & Bleecker, 1999; Rylott et al., 2006),
respectively, 69% identical to MFP from Oryza sativa (Chuong et al., 2005), 65% identical to
MFP from Nicotiana tabacum (Hitoshi et al., 2008), and 60% identical to MFP-b from Cucumis
sativus (Preisig-Muller et al., 1994).
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Figure 3.2 Expression profiles of PhCHD and the six other petunia MFP candidates.
(A) Expression of MFP candidates in petunia corollas collected at 3:00 PM on day 2 postanthesis
shown relative to the highest expressed candidate, PhCHD.
(B) Tissue-specific expression of PhCHD in flowers at 3:00 PM day 2 postanthesis and leaves
shown relative to transcript level in corolla.
(C) Developmental PhCHD expression profile at 3:00 PM days −1 through 7 postanthesis shown
relative to transcript level on day 1. (D) Rhythmic changes in PhCHD expression in corollas of
flowers 3:00 PM day 1–3:00 AM day 3 postanthesis during a normal light/dark cycle shown
relative to the transcript level at 3:00 PM on day 2. Black and white bars correspond to dark and
light periods, respectively. All transcript levels were determined by qRT-PCR either in relation
to the reference gene elongation factor 1-α (A) or as absolute amounts based on quantification
from a PhCHD DNA standard (B–D). All data are means ± SEM (n = 3–4 biological replicates).

72

Figure 3.3 Tissue-specific expression profiles of putative MFP candidates.
Transcript levels were determined by qRT-PCR relative to the reference gene elongation factor
1-α, in leaves and floral tissues harvested at 3 PM day 2 postanthesis. Expression profiles are
depicted relative to the tissue with the highest transcript level for each gene. All data are means ±
SEM (n = 3-4 biological replicates).
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3.3.2 PhCHD is a bifunctional enzyme with cinnamoyl-CoA hydratase- dehydrogenase
activities
For functional characterization of the isolated PhCHD, its coding region was expressed in
Escherchia coli as an inducible fusion protein containing a hexahistidine tag and the recombinant
protein was puriﬁed using Ni-NTA afﬁnity chromatography followed by gel ﬁltration. Sizeexclusion chromatography of recombinant CHD enzyme revealed an apparent molecular weight
of 77 kDa, which was nearly identical to the calculated molecular mass (78.1 kDa), indicating
that CHD exists as a monomer. Analysis of PhCHD substrate speciﬁcity revealed that the
enzyme requires NAD+ as a cofactor and is highly speciﬁc for CA-CoA and p-coumaroyl-CoA
(pCA-CoA), with no detectable activity toward caffeoyl-CoA (CAF-CoA), feruloyl- CoA (FACoA), crotonyl-CoA, hexanoyl-CoA, or hexadecanoyl- CoA (Table 3.1). Moreover, addition of
2 mM Mg2+ increased enzyme activities toward CA-CoA and pCA-CoA by 92%, but did not
affect activity toward the other tested substrates. The product formed by PhCHD from CA-CoA
was identiﬁed by liquid chromatography (LC)-TOF/MS (Figure 3.4) as a compound with an
exact mass of 912.155 (M-H)- (Figure 3.4C), corresponding to the expected product of sequential
hydration/dehydrogenation of CA-CoA (3O3PP-CoA; Figure 3.1). Omission of NAD+ from the
reaction resulted in neither detectable product formation nor 3H3PP-CoA intermediate (Figure
S2B). No activity was observed when NADP+ was supplied as a cofactor instead of NAD+
(Table 3.1). Coupling of the CHD reaction with recombinant PhKAT1 enzyme (Moerkercke et
al., 2009) in the presence of free CoA-SH resulted in conversion of CA-CoA to BA-CoA as was
veriﬁed by LC- TOF/MS (Figure 3.4 E and F).
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Table 3.1 Substrate specificity of PhCHD with various aromatic and fatty acyl-CoAs, as well as
NADP+
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Figure 3.4 LC-MS analysis of product formed by recombinant PhCHD from cinnamoylCoA.
Exact masses displayed are (M-H)-. (A) cinnamoyl-CoA standard. (B) lack of product formation
in the absence of NAD+. (C) product formed by PhCHD from cinnamoyl-CoA in the presence of
NAD+. (D) lack of product formation in the presence of boiled PhCHD. (E) authentic standard of
benzoyl-CoA. (F) product formed by PhCHD from cinnamoylCoA in the presence of NAD+ and
recombinant petunia keto-acyl thiolase 1 (PhKAT1; Moerkercke et al., 2009).
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Determination of kinetic parameters for recombinant PhCHD revealed its high afﬁnity for CACoA and NAD+ with apparent Km values of 89.8 ± 1.8 μM and 13.8 ± 0.7 μM (Table 3.2),
respectively, when incubated together. Whereas Km values for pCA-CoA and NAD+ (when
incubated together) were similar (73.7 ± 3.3 μM and 6.1 ± 0.2 μM, respectively), the turnover
rate (kcat) with pCA-CoA was more than 10-fold lower than with CA-CoA (0.40 ± 0.01 s−1 and
4.35 ± 0.01 s−1, respectively). Likewise, turnover of NAD+ was nearly 15-fold higher when CACoA was used as a substrate compared with pCA-CoA (6.94 ± 0.08 s−1 and 0.24 ± 0.00 s−1,
respectively; Table 3.2).

Table 3.2 Kinetic parameters of recombinant PhCHD.

Interestingly, PhCHD was highly sensitive to low levels of CAF-CoA. The presence of 1 μM
CAF-CoA in the reaction containing 250 μM CA-CoA (three times Km value) resulted in a 50%
loss in activity. No inhibitory effect from FA-CoA was observed. NADH also inhibited PhCHD,
so lactate dehydrogenase (with pyruvate as an electron acceptor), was included in all reactions to
remove NADH. Characterization revealed that NADH competitively inhibited the PhCHD
reaction, with an apparent Ki of 25.3 ± 0.6 μM in the presence of NAD+ (Figure 3.5).
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Figure 3.5 Competitive nature of PhCHD inhibition by NADH. The inhibition constant (Ki) was
determined as follows: Ki = [Km]·[ I]= Km(app) − Km.
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3.3.3 PhCHD activity is localized to peroxisomes, the site of the β-oxidative pathway of BA
biosynthesis
Due to the presence of the canonical peroxisomal targeting signal 1 ‘SRM’ at its C-terminus
(Reumann et al., 2004), the protein targeting prediction program PSORT
(http://psort.hgc.jp/form.html) identiﬁed PhCHD as a peroxisomal protein. To biochemically
conﬁrm the predicted localization of PhCHD, peroxisomes were isolated from petunia petals and
marker assays were used to assess organellar enrichment. The peroxisomal fraction showed
eightfold and 11-fold enrichment in catalase (peroxisomal marker) and PhCHD activities,
respectively, compared with crude extract (Table 3.3), while no enrichment in fumarase activity
(mitochondrial marker), alcohol dehydrogenase activity (cytosolic marker) or chlorophyll
(plastidial marker) was detected in this fraction.

Table 3.3 Enrichment of PhCHD activity in peroxisomes

PhCHD and marker enzyme activities were assayed in crude extracts and percoll-puriﬁed peroxisomes
from petunia corollas sampled at 8:00 PM on day 2 postanthesis. Catalase, alcohol dehydrogenase
(ADH), and fumarase were used as marker enzymes for peroxisomes, cytosol, and mitochondria,
respectively, whereas chlorophyll content was used as the plastidic marker. Data are means ± SEM
(n = 3).

*pkat·mg−1.
†nkat·mg.
‡ng·g FW−1.
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3.3.4 Decrease of CA-CoA hydratase-dehydrogenase activity in planta reduces emission of
benzenoid-derived volatiles
To assess the function of PhCHD in planta, transgenic plants were generated in which PhCHD
transcript levels were decreased in ﬂower petals using an RNAi approach under control of a
petal-speciﬁc promoter (Orlova et al., 2006), designed to eliminate any deleterious effects on
plant vitality. The three independently transformed lines that showed the greatest reduction in
PhCHD gene expression (85–95%; Figure 3.6A) were chosen for further analysis and detailed
metabolic proﬁling. RNAi suppression of PhCHD gene expression resulted in a decrease in
PhCHD enzyme activity in crude petal extracts that ranged from 61–64% across the transgenic
lines (Figure 3.6B). Analysis of volatile compounds collected from transgenic ﬂowers revealed a
decline by 48% and 40% (on average relative to controls) in benzyl benzoate and phenylethyl
benzoate, respectively (Figure 3.6C), both of which directly depend on BA-CoA for their
biosynthesis (Figure 3.1) (Boatright et al., 2004). Emission of benzaldehyde and methyl
benzoate, the latter of which is the result of BA methylation, was also reduced on average by 46
and 37%, respectively, in transgenics compared with controls (Figure 3.6C). Interestingly, a 51
and 39% decrease on average was observed in isoeugenol and eugenol emission, respectively
(Figure 3.6C), whereas no statistically signiﬁcant changes were detected in emission of benzyl
alcohol, phenylacetaldehyde and phenyl ethanol, with exception of a slight reduction in the latter
two compounds in line H (Figure 3.7A).
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Figure 3.6 Effect of PhCHD-RNAi suppression on PhCHD expression and activity, emission of
benzenoid/phenylpropanoid compounds, and internal pools of organic acids and CoA esters in
corollas of petunia flowers on day 2 postanthesis.
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Figure 3.6 Effect of PhCHD-RNAi suppression on PhCHD expression and activity, emission of
benzenoid/phenylpropanoid compounds, and internal pools of organic acids and CoA esters in
corollas of petunia flowers on day 2 postanthesis.
(A) PhCHD mRNA levels in tissue collected at 3:00 PM and determined by qRT-PCR.
Expression values for transgenic lines are shown as a percentage of PhCHD expression in
control petals set at 100%. (B) PhCHD activity in petal crude extracts at 9:00 PM. (C) Floral
volatile emission measured from 4:00 to 10:00 PM. Rates are calculated hourly assuming
uniform emission over 6 h. (D) Organic acid and (E) CoA-ester internal pools at 9:00 PM. All
data are means ± SEM (n = 3 biological replicates). White bars represent wild-type petunia (W115); black bars correspond to PhCHD-RNAi lines (K, H, and I). *P < 0.05 and **P < 0.01 by
analysis of variance (ANOVA). FW, fresh weight.
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Figure 3.7 Emitted benzenoid/phenylpropanoid compounds and internal pools of organic acids
and CoA esters, in corollas of petunia ﬂowers on day 2 postanthesis that remain unaffected in
PhCHD-RNAi lines.
(A) Floral volatiles emitted from ﬂowers from 4:00 to 10:00 PM. Rates are calculated hourly
assuming uniform emission over 6 h.
(B) Organic acid and (C) CoA-ester internal pool sizes at 9:00 PM. All data are means ± SEM
(n = 3 biological replicates). White bars represent wild-type petunia (W-115); black bars
correspond to PhCHD-RNAi lines (K, H, and I). *P < 0.05 by analysis of variance (ANOVA).
FW, fresh weight.
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Analysis of internal pools of hydroxycinnamic acids in transgenic petals revealed (on average) a
reduction in free BA (56%) and an increase in free CA (396%; Figure 3.6D). Similar effects
were observed on the corresponding CoA-esters; the pool of BA-CoA decreased by 42%,
whereas that of CA-CoA increased by 479%, (Figure 3.6E). No signiﬁcant changes were
observed in internal pools of other hydroxycinnamic acids (p-coumaric, caffeic and ferulic
acids), or their corresponding CoA-esters (Figure 3.7 B and C).

3.4

Discussion

3.4.1 Bifunctional enzyme catalyzes two intermediate steps in the BA β-oxidative pathway
In certain bacteria, BA derivatives (i.e., 4- hydroxybenzoic acid (4-HBA), salicylic acid)
originate directly from chorismate by action of pyruvate lyases (Gaille et al., 2002; Nichols &
Green, 1992), thus bypassing Phe as a precursor. However, genes encoding orthologs of these
enzymes are missing in plant genomes. Despite the simple structure and importance of BA for
primary and secondary metabolism (Dudareva et al., 2006; Mahjoub et al., 2010; Davidson et
al., 2005; Quan et al., 1996; Veeresham et al., 2003) much is still unknown about its
biosynthesis in plants. Multiple routes have been proposed for its formation from Phe (Abd ElMawla & Beerhues, 2002; Bjorklund & Leete, 1992; Boatright et al., 2004; Hertweck et al.,
2001; Jarvis et al., 2000; Long et al., 2009; Orlova et al., 2006), although only a few of the
corresponding genes and enzymes have been isolated and characterized (Boatright et al., 2004;
Klempien et al., 2012; Long et al., 2009; Moerkercke et al., 2009; Orlova et al., 2006). The most
progress on elucidation of the β-oxidative pathway has been done using petunia ﬂowers, which
are rich in benzenoid/phenylpropanoid compounds (Boatright et al., 2004). Genes responsible for
the ﬁrst and last reactions within the core of the β-oxidative route, PhCNL and PhKAT1,
respectively, (Figure 3.1) (Klempien et al., 2012; Moerkercke et al., 2009) have been discovered,
but those responsible for the two intermediary reactions remain unknown. Here, we identiﬁed
PhCHD, a petunia gene encoding a bifunctional, peroxisomal enzyme responsible for the two
unexplored steps within the BA β-oxidative pathway that convert CA-CoA to 3O3PP-CoA
(Figure 3.1 and Figure 3.4). PhCHD displays a similar expression pattern to PhCNL and
PhKAT1, all of which correlate spatially, temporally and developmentally with the emission of
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benzenoid volatiles (Figure 3.2) (Klempien et al., 2012; Moerkercke et al., 2009). PhCHD most
efﬁciently uses CA-CoA as substrate (Table 3.2), which is produced by PhCNL, and together
with PhKAT1 provides peroxisomes the capability to synthesize BA- CoA. In addition, the
ability of PhCNL and PhCHD to adequately use p-coumaric acid (pCA; Klempien et al., 2012)
and pCA-CoA (Table 3.2), respectively, may suggest that this pathway also produces 4HBACoA in peroxisomes to make 4HBA, which is proposed to proceed from tyrosine through a βoxidative route analogous to that of BA to produce the ring moiety of ubiquinone (Clarke, 2000).
While in mammals β-oxidation of straight-chain fatty acids occurs in mitochondria and
peroxisomes, in plants it only takes place in the latter (reviewed in Graham & Eastmond, 2002;
Ian A. Graham, 2008). One interesting feature of mammalian β-oxidation is that it appears to be
regulated by energy demands in the cell in a redox-mediated fashion through NAD+/NADH
levels, via inhibition of 3-hydroxyacyl-CoA dehydrogenase (Eaton, 2002). Intriguingly, PhCHD
is also inhibited by NADH (Figure 3.5). Its inability, however, to use any of the fatty acyl-CoAs
tested (Table 3.1) indicates that it likely does not function in fatty acid breakdown. Thus, any
inhibitory affect by NADH is likely not related to energy status, but may instead serve to
regulate BA biosynthesis or simply be a vestigial property. The inhibitory impact of CAF-CoA,
however, most likely points to an undeﬁned mechanism controlling formation of BA.
Identiﬁcation of PhCHD adds a unique functional member to the plant MFP family reported to
act on an aromatic acyl-CoA substrate. AIM1 shares 75% identity with PhCHD and is one of
only two MFPs present in the Arabidopsis genome described to possess enoyl-CoA hydratase
activity and the only homolog showing this activity on a substrate (crotonyl-CoA) other than a
long-chain acyl-CoA (Richmond & Bleecker, 1999). Because AIM1 expression is high in
siliques (Richmond & Bleecker, 1999), it should be investigated whether AIM1 is capable of
using CA-CoA to be involved in BA biosynthesis for benzoyloxyglucosinolate production
(Kliebenstein et al., 2007).
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3.4.2 CHD discovery completes the elucidation of the core BA β-oxidative pathway
Down-regulation of PhCHD expression in ﬂowers (>85%) by an RNAi approach resulted in
reduction of BA-CoA and BA with simultaneous accumulation of CA-CoA and CA (Figure 3.6
D and E) conﬁrming the involvement and position of PhCHD within the BA β-oxidative
pathway in planta. Furthermore, PhCHD-RNAi plants emitted lower levels of benzaldehyde,
methylbenzoate, benzylbenzoate, and phenylethylbenzoate relative to wild type (Figure 3.6C).
Because the latter two compounds rely on BA-CoA derived predominantly from the β-oxidative
pathway (Boatright et al., 2004; Orlova et al., 2006), the observed discrepancy between
reduction in PhCHD activity (Figure 3.6B) and metabolite pool sizes (Figure 3.6 C and E) may
be explained by a contribution coming from the non– β-oxidative pathway (via benzaldehyde →
BA → BA-CoA; Figure 3.1) (Boatright et al., 2004). It is possible that a decrease in
benzaldehyde emission by 46% (Figure 3.6C) in transgenic lines is a result of an increased ﬂux
from benzaldehyde to BA and BA-CoA, which partially compensates for the decrease in
production of the abovementioned emitted compounds (Figure 3.1). Existence of such a ﬂux
from the non–β-oxidative pathway to BA-CoA has already been shown to take place in petunia
ﬂowers (Boatright et al., 2004). Moreover, down-regulation of PhCHD led to a decrease in
isoeugenol and eugenol production (Figure 3.6C). Whereas the nature of this decrease is
unknown, if ﬂux is indeed increased through the non–β-oxidative pathway toward BA-CoA this
may deplete the cytosolic pool of CA available to synthesize these compounds. The total
increase in CA detected in PhCHD-RNAi lines (Figure 3.6D) is a priori assumed to be
sequestered in the peroxisome and not available in the cytosol.

Formation of benzylbenzoate and phenylethylbenzoate occurs in the cytosol (Boatright et al.,
2004), but requires BA-CoA largely produced via the peroxisomal β-oxidative pathway (Figure
3.1) (Boatright et al., 2004; Klempien et al., 2012; Moerkercke et al., 2009). The open question
now is how BA-CoA moves from the peroxisome to the cytosol, because the polar nature of the
CoA moiety likely precludes free diffusion across the membrane. It is possible that BA-CoA is
directly exported from peroxisomes in a transporter-mediated fashion (scheme in Figure 3.8), but
to date precedent only exists for fatty acyl-CoA import into this organelle (Hettema & Tabak,
2000; Nyathi et al., 2010). Alternatively, peroxisomes may contain thioesterases capable of
hydrolyzing BA-CoA to its free acid, BA, which could then be transported and reconverted to its
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CoA form via different mechanisms (Figure 3.8) and used for benzylbenzoate and
phenylethylbenzoate biosynthesis. Upon cleavage of the CoA-thioester linkage in peroxisomes,
the resulting BA might either freely diffuse across the membrane or be transported and serve as
substrate for cytosolic CoA-ligases such as Ph4CL1 (Klempien et al., 2012) and BZL (Beuerle &
Pichersky, 2002), or may be reactivated to BA-CoA by an unknown membrane-associated ligase
during export from the peroxisome (Figure 3.8). The latter model has already been proposed for
passage of free fatty acids across the plasma membrane in cyanobacteria (von Berlepsch et al.,
2012) and through the outer plastid envelope in plants (Koo et al., 2004). The potential for
conversion of BA-CoA to BA before transport from peroxisomes is supported by the recent
discovery of peroxisomal thioesterases capable of hydrolyzing aromatic acyl-CoA substrates,
including BA-CoA, in Arabidopsis (Widhalm et al., 2012). Thus, we assayed the same petunia
peroxisomal preparation used to conﬁrm subcellular localization of PhCHD activity (Table 3.3)
for BA-CoA thioesterase activity. Indeed, BA-CoA thioesterase activity was enriched (18.1 ±
2.65) compared with 1.60 ± 0.27 pkat · mg−1 protein in peroxisomes versus crude extract,
respectively) similar to PhCHD (Table 3.3), suggesting these types of enzymes are not unique to
Arabidopsis. Moreover, in humans it has been proposed that peroxisomal CoA thioesterases
serve auxiliary roles in lipid β-oxidation by converting pathway products to transportable forms
and maintaining free CoA-SH pools (Hunt et al., 2012). Thus, in addition to investigating the
role of the unidentiﬁed plant BA-CoA thioesterase in formation of BA for export out of
peroxisomes, it should be studied whether the enzyme also has a regulatory role in maintaining
organellar CoA-SH levels, and whether it exerts control over the pathway by using other BA βoxidative pathway CoA intermediates.

87

Figure 3.8 Possible routes for benzoic acid trafficking out of peroxisomes.
Dashed arrow indicates hypothetical diffusion of free protonated acids. Solid arrows with gray
boxes indicate putative transporter-mediated steps. Solid arrow with black box indicates a
possible membrane-associated CoA ligase coupled to passage of benzoic acid across the
peroxisomal membrane. BA, benzoic acid; BA-CoA, benzoyl-CoA; BZL, benzoate:CoA ligase
[15]; CA, cinnamic acid; Ph4CL1, petunia 4-coumarate:CoA ligase 1 [17]; Phe, phenylalanine;
and TE, thioesterase.
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In conclusion, the discovery of PhCHD provides evidence of a plant MFP acting on aromatic
acyl-CoAs. This completes elucidation of the core β-oxidative pathway (CA → CA-CoA →
3H3PP-CoA → 3O3PP-CoA → BA-CoA) for BA biosynthesis in plants, although an auxiliary
thioesterase(s) likely exists, which should be explored for regulatory roles in product transport,
cofactor recycling, and pathway control. Furthermore, to fully understand the molecular
mechanisms connecting the peroxisomal β-oxidative pathway to the benzenoid network in the
cytosol, it should also be investigated whether acyl-CoA transporters present in peroxisomes,
and/or membrane-associated acyl-CoA ligases contribute to BA metabolism in plants.

3.5

Materials and methods

3.5.1 Chemicals and reagents
All hydroxycinnamic acid-CoA esters, CA-CoA, pCA- CoA, CAF-CoA, and FA-CoA, with
exception of BA-CoA, were synthesized enzymatically and puriﬁed as described previously
(Beuerle & Pichersky, 2002a). Crotonoyl-CoA was synthesized and puriﬁed as described
(Chohan & Copeland, 1998). All other chemicals were from Sigma-Aldrich) unless noted.

3.5.2 Growth conditions and generation of PhCHD-RNAi transgenic plants
Petunia hybrida cv. Mitchell plants (W-115; Ball Seed) were grown under standard greenhouse
conditions (Dudareva et al., 2000) with a light period from 6:00 AM to 9:00 PM. Generation of
the PhCHD-RNAi construct was performed as previously de- scribed (Klempien et al., 2012)
with some modiﬁcations. A 364-bp fragment of PhCHD from nucleotide 821–1184 was
ampliﬁed using the forward, 5′- CTCGAGTCTAGATCTTATCAGAGACATCAAAGGGT-3′
and reverse 5′-GGATCCGAATTCACAGCCTCTATGACCA- TATCCA-3′ primers. After
veriﬁcation by sequencing, the fragment was inserted into a modiﬁed pRNA69 vector in which
the 35S promoter was replaced with Clarkia breweri petal-speciﬁc linalool synthase (LIS)
promoter (a SacI–XhoI fragment) (Cseke et al., 1998). The RNAi construct was generated by
inserting the CHD fragment in opposite orientations separated by an intron in the pRNA69
vector. The section of this constructed plasmid containing the LIS promoter and the CHD
inverted repeat was cut out and ligated into the binary vector pART27 SacI and SpeI sites to
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obtain pLIS-PhCHD-RNAi plasmid. PhCHD-RNAi transgenic plants were generated via
Agrobacterium tumefaciens (strain GV2260 carrying plasmid pLIS-PhCHD-RNAi)
transformation using the standard leaf disk transformation method (Horsch et al., 1985).

3.5.3 RNA isolation and qRT-PCR analyses
Sample collection, isolation of RNA and qRT-PCR analyzed relative to the reference gene
elongation factor 1-α for PhCHD, TC10274, TC7383, FN000667, TC12800, TC9756, and
TC10560 using gene-speciﬁc primer pairs (Table 3.4), were performed as previously described
(Klempien et al., 2012). Total RNA was isolated using RNeasy Plant Mini Kit (Qiagen). For
qRT-PCR analysis, total RNA was ﬁrst treated with DNase I to eliminate genomic DNA using
the TURBO DNA-free kit (Ambion) and 1 μg of RNA was subsequently reverse transcribed to
cDNA in the total volume of 100 μL using the High Capacity cDNA Reverse Transcription kit
(Applied Biosystems). Gene-speciﬁc primer sets are shown in Table 3.4. For quantiﬁcation of
PhCHD transcript levels, the pCR4-TOPO carrying PhCHD was digested with EcoRI and the
resulting fragment was puriﬁed from agarose gels using a QIA- quick Gel Extraction Kit
(Qiagen). After determining DNA concentration with NanoDrop 1000 Spectrophotometer
(Thermo Scientiﬁc), the puriﬁed DNA fragment was diluted to 10 pg/ mL and used to obtain
standard curves in qRT-PCR with gene-speciﬁc primers. Individual qRT-PCR reactions were
carried out in duplicates each containing 5 μL of the SYBR Green PCR Master mix (Applied
Biosystems), 2 μL of 25 times diluted cDNA and 1.5 μL of 6 μM and 2 μM forward and reverse
primers, respectively. Two-step qRT-PCR ampliﬁcation (40 cycles of 95 °C for 3 s followed by
60 °C for 30 s) was performed using the StepOne Real-Time PCR system (Applied Biosystems).
Based on the standard curves, absolute quantities of individual transcripts were calculated and
expressed relative to the highest CHD expression in the dataset. Each data point represents the
average of three to four independent biological samples.
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Table 3.4 Primer sets used for qRT-PCR analysis
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3.5.4 Peroxisome Isolation
Peroxisome isolation from petunia corollas of 2-d-old ﬂowers harvested at 8:00 PM and marker
assays to determine integrity and enrichment were done as described previously (Klempien et al.,
2012).

3.5.5 Enzyme assays
Activity with aromatic, short, medium, and long- chain acyl-CoAs was determined by measuring
consumption of acyl-CoAs at A260 (Hubbell et al., 1994) using an HPLC-based assay. Analysis
of reaction product was performed using HPLC-diode array detector (DAD) spectrophotometry
at 260 nm (Agilent 1200 series LC with diode array detector; Agilent Technologies) and
quantiﬁed on the basis of calibration curves generated with authentic benzoic acid (BA)-CoA.
The reverse-phase column, Agilent ZORBAX SB-C18 (4.6 × 150 mm × 3.5 μm), was held at
40 °C and eluted at 1 mL/min with a solvent system consisting of 50 mM K-phosphate pH 7.0
(solvent A) and 100% methanol (solvent B). Solvent B was held at 10% for the ﬁrst 5 min of the
run, then stepped up to 25% B, followed by a linear gradient to 45% B from 5 to 8 min, held
constant from 8 to 10 min, and stepped up to 60% B, where it was held from 10 to 12 min. The
column was returned to 10% B and re-equilibrated for 5 min. The standard reaction (100 μL)
contained 50 mM Bis·Tris propane pH 9.5,2 mM MgCl2, 1 mM pyruvic acid, 400 μM acyl-CoA,
1 mM NAD+, 2 mM CoA, 2 units of lactate dehydrogenase (Calzyme Laboratories), and 0.15 μg
puriﬁed PhCHD protein. The reaction was initiated by adding the acyl-CoA substrate and
incubated for 60 min at room temperature before termination with 50% (wt/vol trichloroacetic
acid [ﬁnal concentration 5%]. Ten microliters of the reaction product was analyzed by HPLCdiode array detector (DAD) spectrophotometry. Assays containing all reaction components with
boiled protein were used as negative controls. Determination of kinetic parameters for
recombinant PhCHD with CA-CoA and pCA-CoA were carried out using 15-min assays also
containing 7.5 μg of recombinant PhKAT1 (Moerkercke et al., 2009). Kinetic data were
evaluated by hyperbolic regression analysis (HYPER.EXE, version 1.00, 1992). Triplicate assays
were performed for all data points for kinetic analysis. Veriﬁcation of reaction products was
performed by LC TOF/MS. Native PhCHD activity in crude extracts (3 μg protein) and
peroxisomes (84 ng protein) was determined as described above except using 30- to 60-min
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assays. Thioesterase assays to measure the hydrolysis of BA-CoA were performed
spectrophotometrically using a slightly modiﬁed 5,5′-dithiobis-(2-nitroBA) (DTNB) method
(Widhalm et al., 2012). DTNB assays (100 μL) to measure BA-CoA thioesterase activity
contained 50 mM KH2PO4 (pH7.0), 100 μM substrate, and 34 μg of peroxisomal or crude extract
protein. Reactions were incubated for 20–120 min at 30 °C and were then mixed with 100 μL of
an aqueous solution of 400 μM DTNB. Changes in Abs412 compared with blank samples were
read after a 5-min incubation and compared with blank assays omitting either the substrate or
protein.

3.5.6 Targeted Metabolite Proﬁling
Floral volatiles were collected from control and PhCHD-RNAi petunia ﬂowers at the peak of
emission, 4:00 PM to 10:00 PM, on day 2 postanthesis in 2-h segments by a closed-loop
stripping method and analyzed as previously described (Maeda et al., 2010; Orlova et al., 2006).
To determine the internal pools of organic acids and CoA esters, petal tissue was collected from
transgenic and control plants at 9:00 PM on day 2 postanthesis to minimize the effect of
rhythmicity. The level of organic acids was determined as described in 3.5.10. Extraction and
quantiﬁcation of CoA esters was performed as described (Qualley et al., 2012).

3.5.7 Preparation of petunia petal crude protein extracts
Petunia corollas (0.2 g) were harvested at 9:00 PM on day 2 postanthesis, ﬂash frozen in liquid
nitrogen, and ground to a ﬁne powder with a mortar and pestle. The powder was transferred to a
1.5-mL microcentrifuge tube and thawed with 1 mL of freshly prepared 50 mM KH2PO4 pH 7.5,
10% (vol/vol) glycerol, 1% (wt/vol) polyvinylpolypyrrolidone, 10 mM β-mercaptoethanol, 5
mM Na2S2O5, and 1 mM PMSF. Samples were centrifuged (16,000 × g; 10 min at 4 °C) to pellet
debris. Supernatants were recovered, desalted on Sephadex G-50 ﬁne resin column equilibrated
with 50 mM KH2PO4 pH 7.5, 10% (vol/vol) glycerol, and the amount of protein was quantiﬁed.
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3.5.8 Heterologous expression and puriﬁcation of recombinant PhCHD
To obtain the full-length cDNA of PhCHD, 5′ rapid ampliﬁcation of cDNA ends (RACE) was
performed according to the manufacturer’s protocol (Life Technologies) with gene-speciﬁc
(5′-ATGCTGAACCAAATTCTTTCCCTACAG-3′) and nested
(5′- TGCTTTCCCAACAGCCATAAGGTCAA-3′) primers. For functional expression, the
coding region of petunia CHD was obtained by PCR using the following forward primer, which
introduced an NdeI site (5′-CATATGGCTCAAGTTAAGGTGAC-3′) and reverse primer, which
introduced a BamHI site downstream of the stop codon
(5′-GGATCCTTACATGCGTGACCTTGAAG-3′). After sequence veriﬁcation, the ampliﬁed
gene product was subcloned into the NdeI/BamHI sites of the pET-28a vector (Novagen)
containing an N-terminal hexahistidine tag. Recombinant PhCHD was expressed in Escherichia
coli and puriﬁed on Ni-NTA resin. Expression in E. coli Rosetta2 cells (Novagen), induction,
harvesting, and crude extract preparation were performed as previously described (Klempien et
al., 2012) with the exception of the lysis buffer, which contained 100 mM K-phosphate, pH 7.5,
300 mM NaCl, 10% (vol/vol) glycerol, and 7 mM β-mercaptoethanol. Fractions with the highest
protein concentration were puriﬁed by size-exclusion chromatography on HiLoad 16/60
Superdex 200 prep-grade column (GE Healthcare) using 50 mM K-phosphate buffer pH 7.5,
10% (vol/vol) glycerol as mobile phase. Protein purity was determined to be 99% by
densitometry of SDS/PAGE gels after Coomassie Brilliant Blue staining. The purity of enzymes
was taken into account for determination of kcat values.

3.5.9 Product veriﬁcation by Liquid Chromatography (LC) TOF/MS
To determine the product formed by CHD from cinnamic acid (CA)- CoA, reaction products
produced without (3O3PP-CoA) and with PhKAT1 coupling (BA-CoA) were analyzed by LC
TOF/MS. The chromatography was conducted on an Agilent 1100 HPLC system coupled to an
Agilent 6210 mass-selective detector (MSD) time- of-ﬂight mass spectrometer
(Agilent Technologies). Separation was performed using a Luna C18 column (5 μm, 150 × 2
mm; Phenomenex), maintained at 40 °C with a ﬂow rate of 0.3 mL/ min. The mobile phase
contained solvents A and B, where A was 20 mM ammonium acetate pH 9.0 and B was 100%
methanol. The column was eluted with a linear gradient of 20–90% B over 0–25 min, held at
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90% B from 25 to 33 min, repartitioned back to 20% B from 33 to 35 min and re-equilibrated for
15 min (from 35 to 50 min). The electrospray ionisation (ESI) capillary voltage was 4.0 kV,
nitrogen gas temperature was set to 350 °C, drying gas ﬂow rate was 9.0 L/min, nebulizer gas
pressure was 35 psig, fragmentor voltage was 155 V, skimmer was 60 V, and octupole ion guide
radio frequency (OCT) RF was 250 V. Mass data [from mass-to-charge ratios (m/z) of 100–
1,700] were collected and analyzed using Agilent MassHunter B.02 software.

3.5.10 Quantiﬁcation of Organic Acids.
For analysis of organic acids, ∼200 mg frozen petal tissues was spiked with 1.6 nmol of
4-chlorobenzoic acid and homogenized in 800 μL of 60% (vol/vol) methanol using a Bullet
Blender Blue (Next Advance) followed by centrifugation at 16,000 × g for 10 min at room
temperature. Grinding/solvent extraction was repeated twice. Supernatants
were concentrated to ∼100 μL at 40 °C under a stream of dry nitrogen and analyzed by HPLC
(Agilent 1200 series LC with diode array detection). The reverse-phase column, Agilent
ZORBAX SB-C18 (4.6 × 150 mm × 3.5 μm), was held at 40 °C and eluted at 1 mL/min using a
solvent system consisting of 0.1% formic acid in ddH2O (solvent A) and 0.1% formic acid in
acetonitrile (solvent B). After 10 μL of sample injection, 10% B was held for 2 min, followed by
a linear gradient to 25% B from 2 to 8 min, a linear gradient to 55% B from 8 to 22 min, a linear
gradient to 90% B from 22 to 24 min, then 90% B held from 24 to 25 min followed by a linear
gradient to 10% B from 25 to 27 min, and a 5 min equilibration back to 10% B. UV
absorbances were monitored at 230 nm for BA, 238 nm for 4-chlorobenzoic acid, 278 nm for
CA, 310 nm for p-CA, and 324 nm for caffeic and ferulic acids.
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A PEROXISOMAL THIOESTERASE PLAYS
AUXILIARY ROLES IN PLANT Β-OXIDATIVE BENZOIC ACID
METABOLISM

4.1

Summary

Peroxisomal β-oxidative degradation of compounds is a common metabolic theme in eukaryotes.
Reported benzoyl-CoA (BA-CoA) thioesterase activity in peroxisomes from petunia flowers
suggests that, like mammals and fungi, plants contain auxiliary enzymes mediating β-oxidation.
Here, we report identification of Petunia hybrida Thioesterase 1 (PhTE1), which catalyzes
hydrolysis of aromatic acyl-CoAs to their corresponding acids in peroxisomes. PhTE1
expression is spatially, developmentally and temporally regulated and exhibits a similar pattern
to known benzenoid metabolic genes. PhTE1 activity is inhibited by free CoA-SH, indicating
that the enzyme is regulated by the peroxisomal CoA-SH pool. PhTE1 downregulation in petunia
flowers led to accumulation of BA-CoA with increased production of benzylbenzoate and
phenylethylbenzoate, both of which rely on BA-CoA in the cytoplasm, suggesting that acylCoAs can be exported from peroxisomes. Furthermore, PhTE1 downregulation resulted in
increased pools of cytoplasmic phenylpropanoid pathway intermediates, volatile phenylpropenes,
lignin and anthocyanins. These results indicate that PhTE1 functions in (i) maintaining
intraperoxisomal acyl-CoA/CoA-SH levels needed to carry out β-oxidation, (ii) regulating efflux
of β-oxidative products, acyl-CoA and free acid, from peroxisomes, and (iii) controlling flux
distribution within the benzenoid/phenylpropanoid metabolic network. Thus, similar to mammals
and fungi, plants contain thioesterases playing auxiliary roles in peroxisomal β-oxidative
metabolism.

4.2

Introduction

The peroxisomal β-oxidation pathway plays an indispensable role in the catabolism of fatty acids
in animals, fungi, and plants (Bolte et al., 2014). In addition, in plants and animals β-oxidation
in the peroxisomes is involved in the metabolism of a number of other specialized compounds
(Poirier et al., 2006). The core β-oxidative pathway relies on a small number of enzymes to

This Chapter has been submitted to and accepted by Plant Journal.

102
shorten the acyl chain of an acyl-CoA substrate in increments of two carbons. Recent work in
mammals has revealed that numerous transporters and auxiliary enzymes, including
acyltransferases, hydrolases, and thioesterases, are collectively involved in regulating βoxidation and transport of metabolites across the peroxisomal membrane (Hunt et al., 2014).
Other than COMATOSE (CTS; synonyms: PXA1, Ped3), a peroxisomal ATP binding cassette
(ABC) transporter of subfamily D with broad specificity for fatty and aromatic acyl-CoA
substrates (Theodoulou et al., 2005; De Marcos Lousa et al., 2013; Block et al., 2014; Van
Roermund et al., 2014; Bussell et al., 2014), no such proteins have been implicated in plant βoxidative pathways.
In plants, β-oxidative pathways are involved in biosynthesis of numerous primary metabolites,
including lipids, ubiquinone, jasmonic acid, and indole acetic acid (Zolman et al., 2001;
Theodoulou et al., 2005; Block et al., 2014; Van Roermund et al., 2014; Bussell et al., 2014), as
well as secondary metabolites like benzoic acid (BA). BA and its derivatives are important
biosynthetic building blocks for a wide spectrum of plant compounds varying from primary
metabolites to lineage-specific natural products (Widhalm and Dudareva, 2015). Recently, the
core BA β-oxidative pathway was fully elucidated in Petunia hybrida and Arabidopsis thaliana
(Klempien et al., 2012; Qualley et al., 2012; Colquhoun et al., 2012; Lee et al., 2012; Bussell et
al., 2014) (Figure 4.1a). The pathway begins with trans-cinnamic acid (CA), the product of the
deamination of L-phenylalanine (Phe) by phenylalanine ammonia-lyase (PAL) (Widhalm and
Dudareva, 2015). The current model suggests that CA is imported into peroxisomes by CTS,
which binds its corresponding CoA-ester, CA-CoA, in the cytoplasm and cleaves the CoA
moiety with its intrinsic thioesterase activity during transport (De Marcos Lousa et al., 2013;
Bussell et al., 2014). Then, CA released into the peroxisome is re-activated to CA-CoA by
cinnamoyl-CoA ligase (CNL) (Klempien et al., 2012; Colquhoun et al., 2012; Lee et al., 2012).
A bifunctional CA-CoA hydratase/dehydrogenase (CHD) converts CA-CoA to 3-oxo-3phenylpropanoyl-CoA (Qualley et al., 2012), the side chain of which is subsequently shortened
by two carbons by 3-ketoacyl thiolase 1 (KAT1) to produce benzoyl-CoA (BA-CoA)
(Moerkercke et al., 2009). It remains an open question whether BA-CoA synthesized via the βoxidative pathway is exported from peroxisomes as an acyl-CoA ester or is first converted to its
acid form by a thioesterase. In mammals, soluble peroxisomal acyl-CoA thioesterases act on
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acyl-CoA substrates of β-oxidative pathways to facilitate export of the corresponding acids and
to regulate the optimal intraperoxisomal acyl-CoAs and free CoA-SH levels (Hunt et al., 2014).
Therefore, the recent report of peroxisomal BA-CoA thioesterase activity in petunia flowers
(Qualley et al., 2012) raises the prospect that similar to mammals, plants also contain soluble
thioesterases playing auxiliary roles in regulating β-oxidation.

Here, we report identification of a Petunia hybrida peroxisomal thioesterase (PhTE1) that exerts
broad specificity on a range of aromatic acyl-CoA substrates. Using petunia flowers, which
produce high levels of benzenoid/phenylpropanoid compounds, as a model system, we show that
PhTE1 downregulation results in accumulation of BA-CoA and reduction in BA pool size. Along
with increased formation of benzylbenzoate and phenylethylbenzoate, these data indicate that
BA-CoA, the product of the BA β-oxidative pathway, can be exported from peroxisomes.
Moreover, PhTE1 downregulation leads to increased production of volatile phenylpropenes,
lignin, and anthocyanins, suggesting that regulation of peroxisomal acyl-CoA/CoA-SH levels
influences carbon flux distribution between the BA β-oxidative and phenylpropanoid pathways.
Therefore, like mammals and fungi, plants also contain peroxisomal acyl-CoA thioesterases
playing auxiliary roles in regulating β-oxidative metabolism.
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Figure 4.1 Petunia benzenoid/phenylpropanoid biosynthetic network (a) and expression profiles
of PhTE1 and PhTE2 (b-e).
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Figure 4.1 Petunia benzenoid/phenylpropanoid biosynthetic network (a) and expression profiles
of PhTE1 and PhTE2 (b-e) (continued).
(a) Solid arrows show established biochemical reactions, and dashed arrows depict possible
unidentified steps. Multiple arrows represent multiple enzymatic steps. The BA β-oxidative
pathway leading to BA-CoA formation is localized in peroxisomes and shown with a blue
background. BA, benzoic acid; BA-CoA, benzoyl-CoA; BAlc, benzylalcohol; BAld,
benzaldehyde; BALDH, benzaldehyde dehydrogenase; BB, benzylbenzoate; BPBT, benzoylCoA:benzylalcohol/2-phenylethanol benzoyltransferase; BSMT, benzoic acid/salicylic acid
carboxyl methyltransferase; CA, cinnamic acid; CA-CoA, cinnamoyl-CoA; CCoAOMT,
caffeoyl-CoA 3-O-methyltransferase; CFA-CoA, caffeoyl-CoA; CHD, CA-CoA
hydratase/dehydrogenase; CNL, CA-CoA ligase; ConAc, coniferyl acetate; CTS, COMATOSE;
C4H, cinnamate-4-hydroxylase; 4CL, 4-coumarate-CoA ligase; Eug, eugenol; EGS, eugenol
synthase; FA-CoA, feruloyl-CoA; IEug, isoeugenol; IGS, isoeugenol synthase; KAT, 3-ketoacylCoA thiolase; MeBA, methylbenzoate; 3O3PP-CoA, 3-oxo-3-phenylpropanoyl-CoA; PAAS,
phenylacetaldehyde synthase; PAL, phenylalanine ammonia lyase; pCA, p-coumaric acid; pCACoA, p-coumaroyl-CoA; PEB, phenylethylbenzoate; PhAld, phenylacetaldehyde; Phe,
phenylalanine; PhEth, 2-phenylethanol; and TE1, thioesterase 1.
(b) Expression of PhTE1 and PhTE2 in corolla at 3 PM day 2 postanthesis. Absolute transcript
levels are shown as pg per 200 ng total RNA.
(c) PhTE1 tissue-specific expression in mature leaves and flowers at 3 PM day 2 postanthesis
shown relative to transcript level in corolla.
(d) PhTE1 rhythmic expression profile during a normal light/dark cycle in corollas collected
from 3 PM day 1 to 3 AM day 3 postanthesis. Black and white bars correspond to dark and light
periods, respectively.
(e) PhTE1 developmental expression profile at 3 PM on days -1 (bud) to 7 postanthesis shown
relative to transcript level on the day of highest expression. All data in (b-e) are means ± SEM
(n=3 biological replicates).
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4.3

Results

4.3.1 Identification of candidate BA-CoA thioesterase genes in petunia flowers
Previously, we detected BA-CoA thioesterase activity in peroxisomes isolated from petunia
flowers (Qualley et al., 2012), but the responsible enzyme and its potential role in the BA βoxidative pathway was not identified. To uncover the gene(s) encoding a BA-CoA thioesterase,
we searched our recently generated petunia petal RNA-Seq datasets (Widhalm et al., 2015) for
candidates with homology to the Arabidopsis 1,4-dihydroxy-2-napthoyl-CoA (DHNA-CoA)
thioesterases AtDHNAT1 (At1g48320) and AtDHNAT2 (At5g48950). These peroxisomal
thioesterases were shown to be involved in phylloquinone biosynthesis and able to use BA-CoA
as a substrate albeit with almost an order of magnitude lower activity than with DHNA-CoA
(Widhalm et al., 2012). A tblastn search (cutoff e-08) resulted in two candidate genes,
corresponding to contigs Ph8944 and Ph20541 encoding proteins of 164 and 158 amino acids
that share 60%/75% and 61%/73% identity/similarity with At1g48320, respectively, and share
62%/77% identity/similarity to each other. Candidates were then examined for the presence of a
peroxisomal targeting signal 1 (PTS1) or PTS2 using the protein targeting prediction program
WoLF PSORT (http://www.genscript.com/wolf-psort.html). Both proteins contained a PTS1
(AKL and ARL at the C-terminus for Ph8944 and Ph20541, respectively) and were therefore
chosen for further analysis. Based on the work presented below, Ph8944 was designated as
PhTE1 for Petunia hybrida thioesterase 1 and Ph20541 as PhTE2.

4.3.2 PhTE1 is developmentally and rhythmically regulated
Petunia flowers emit large amounts of methylbenzoate and other volatiles containing benzoyl
moieties, including benzylbenzoate and phenylethylbenzoate, for which BA-CoA formed via the
core β-oxidative pathway is an immediate precursor (Kolosova et al., 2001; Verdonk et al., 2003;
Boatright et al., 2004; Orlova et al., 2006). Expression of BA β-oxidative pathway genes
PhCNL, PhCHD and PhKAT1 was shown to be highest in corolla (Moerkercke et al., 2009;
Klempien et al., 2012; Qualley et al., 2012; Colquhoun et al., 2012). Thus, we hypothesized that
a thioesterase involved in hydrolysis of BA-CoA may also be transcriptionally upregulated in
this tissue. Analysis by quantitative RT-PCR (qRT-PCR) with gene-specific primers revealed
that PhTE2 displayed low to no expression in corolla (Figure 4.1b) and thus was not further
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considered. In contrast, PhTE1 mRNA levels were found to be the highest in corolla, although
were also detected in all other floral tissues and leaves (Figure 4.1c). Moreover, in corolla,
PhTE1 expression oscillates rhythmically over a daily light/dark cycle with maximum in the
evening and increases upon flower opening, both patterns of which are typical for genes involved
in scent production (Boatright et al., 2004; Maeda et al., 2010) and the core BA β-oxidative
pathway (Moerkercke et al., 2009; Klempien et al., 2012; Qualley et al., 2012; Colquhoun et al.,
2012) in petunia (Figure 4.1d and e).

4.3.3 PhTE1 is localized in peroxisomes
To experimentally determine if PhTE1 is localized in peroxisomes with other core β-oxidative
pathway enzymes, its complete coding region was fused to the N- or C-terminus of the coding
sequence of the green fluorescent protein (GFP) reporter. The resulting constructs were
transiently expressed in Nicotiana benthamiana leaves, along with peroxisomal or mitochondrial
red fluorescent protein (RFP)-tagged markers (Nelson et al., 2007), and the corresponding GFP
and RFP fluorescence was analyzed by confocal laser scanning microscopy. The green
fluorescence of the PhTE1-GFP and GFP-PhTE1 fusion proteins did not overlap with the
autofluoresence of chlorophyll (Figure 4.2a and b) or the red fluorescence of the mitochondrial
RFP marker (Figure 4.2f and g). However, the GFP-PhTE1 protein, but not PhTE1-GFP,
exhibited a distinct punctate fluorescence pattern, which was colocalized with the red signal of
the peroxisomal marker (Figure 4.2d, e and h), thus confirming its predicted peroxisomal
localization.
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Figure 4.2 Subcellular localization of PhTE1.
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Figure 4.2 Subcellular localization of PhTE1 (continued).
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Figure 4.2 Subcellular localization of PhTE1 (continued). Schematic diagrams of N-terminal (a,
d, f and h) and C-terminal (b, e, and g) GFP-fusion constructs with PhTE1, as well as GFP alone
(c), peroxisomal marker (d, e and h), and mitochondrial marker (f and g) are shown on the left
with corresponding transient expression in tobacco leaves on the right. In a-c, GFP fluorescence
and chlorophyll autofluorescence are shown (Left and Center, respectively), while the merged
panels (Right) show the overlay of GFP and chlorophyll autofluorescence. GFP-alone and
chlorophyll autofluorescence were used as cytosolic and plastidic markers, respectively. d-h
show fluorescence of PhTE1 GFP fusion proteins coexpressed with peroxisomal and
mitochondrial markers labeled with RFP. h panel presents images in (d) enlarged to show
details. The merged panels (Right) show the overlay of the GFP (Left) and RFP (Center) signals.
Scale bars, 5 µm.
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4.3.4 PhTE1 catalyzes hydrolysis of aromatic acyl-CoA esters
To analyze if PhTE1 is capable of hydrolyzing aromatic acyl-CoAs, its coding region was
expressed in Escherichia coli as an inducible fusion protein containing a hexahistidine tag, and
the recombinant protein was purified using Ni-NTA chromatography. Biochemical
characterization revealed that PhTE1 accepts not only BA-CoA, but also hydroxycinnamoylCoA esters, including feruloyl-CoA, p-coumaryl-CoA, cinnamoyl-CoA, and caffeoyl-CoA
(Table 4.1). No activity was detected against short chain (acetyl-CoA, malonyl-CoA, and
succinyl-CoA), medium chain (undecanoyl-CoA), or long chain (myistoyl-CoA, palmitoyl-CoA,
and linoleyl-CoA) aliphatic acyl-CoA thioesters.

Detailed kinetic characterization using aromatic acyl-CoA substrates revealed that PhTE1
exhibits the greatest apparent catalytic efficiencies (kcat/Km) with feruloyl-CoA and p-coumarylCoA, which were 2.8- and 1.7-fold higher, respectively, than that with BA-CoA (Table 4.1).
Interestingly, PhTE1 displays similar affinity for BA-CoA and CA-CoA with apparent Km values
of 0.57 ± 0.03 mM and 0.54 ± 0.05 mM (Table 4.1), respectively, as well as similar catalytic
efficiencies with these substrates (Table 1). Furthermore, PhTE1 activity with BA-CoA and CACoA is inhibited by CoA-SH with IC50 values of 780 and 513 µM, respectively (Figure 4.3).
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Table 4.1 Kinetic parameters of recombinant PhTE1.

Substrate

Km (mM)

Vmax
(μmol·hr-1·mg-1)

kcat (s-1)

kcat/Km (mM-1 s-1)

Feruloyl-CoA

0.17 ± 0.04

663 ± 19

3.38 ± 0.1

20.6 ± 5

p-Coumaroyl- CoA

0.18 ± 0.09

433 ± 91

2.21 ± 0.5

12.3 ± 2

Cinnamoyl-CoA

0.54 ± 0.05

859 ± 20

4.38 ± 0.1

8.16 ± 0.5

Benzoyl-CoA

0.57 ± 0.03

814 ± 109

4.15 ± 0.6

7.32 ± 1

Sinapoyl-CoA

0.14 ± 0.04

75.8 ± 9.0

0.39 ± 0.1

2.80 ± 0.4

Caffeoyl-CoA
0.41 ± 0.2
Values are means ± SEM (n=3)

43.1 ± 14

0.22 ± 0.1

0.52 ± 0.1
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Figure 4.3 Inhibition of PhTE1 thioesterase activity by free CoA-SH.
IC50 of recombinant PhTE1 was determined using a fixed concentration (0.5 mM) of BA-CoA
(a) and CA-CoA (b) in the presence of increasing concentration of free CoA-SH. All data are
means ± SEM (n=3).
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4.3.5 Downregulation of PhTE1 expression in petunia flowers impacts both benzenoid and
phenylpropanoid metabolism
To assess the function of PhTE1 in planta, detailed metabolic profiling was conducted on three
independent PhTE1 downregulated lines with greater than 80% reduction in PhTE1 expression
(Figure 4.4a). Suppression of PhTE1 gene expression across transgenic lines resulted in a 5175% reduction of total BA-CoA thioesterase activity relative to wild type and empty vector
controls (Figure 4.4b). In addition, BA-CoA thioesterase activity assayed with peroxisomes
isolated from transgenic line B10, the line with the highest PhTE1 downregulation, showed a
75% reduction in activity relative to peroxisomes isolated from control (Table 4.2), further
supporting PhTE1 peroxisomal localization (Figure 4.2) and showing that it is the major, if not
the only, BA-CoA thioesterase in the cell.

Figure 4.4 Effect of PhTE1 downregulation on internal pools of free CoA-SH, organic acids
and CoA esters in petunia petals.
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Figure 4.4 Effect of PhTE1 downregulation on internal pools of free CoA-SH, organic acids
and CoA esters in petunia petals (continued).
(a) PhTE1 mRNA levels in corollas collected at 3 PM on day 2 postanthesis determined by qRTPCR. Expression levels in transgenic lines are shown as percentage of PhTE1 expression in
control petals set at 100%.
(b) PhTE1 activity in petal crude extracts at 10 PM on day 2 postanthesis.
(c) CoA-SH levels in corollas collected at 10 PM on day 2 postanthesis.
(d,e) Organic acid (d) and CoA ester internal pools (e) in corollas collected at 10 PM on day 2
postanthesis. White bars represent wild type (WT) petunia; gray bars represent empty vector
control (EV); black bars correspond to PhTE1 transgenic lines (B6, B10, and C4). *P<0.05 and
**P<0.01 by Student’s t-test relative to WT. FW, fresh weight. All data are means ± SEM (n=3
biological replicates).
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Table 4.2 BA-CoA thioesterase activity in peroxisomes of wild-type (WT) and PhTE1
downregulation line (B10).

Marker assay
Sample
WT crude extract

PhTE activity*
26.4 ± 0.9

Catalase†
121 ± 19

(100% of total)

(100% of total)

WT peroxisomes

102 ± 3.8

545 ± 79

(2.3% of total)

(2.3% of total)

B10 crude extract

12.3 ± 0.3

171 ± 37

(100% of total)

(100% of total)

ADH*

Fumarase†
367 ± 24

132 ± 4.9

(100% of total)

n.d

(0.51% of total)

117 ± 14

(100% of total)

359 ± 4.8
364 ± 30

Chlorophyll‡
0.11 ± 0.03
<0.01
0.13 ± 0.01

25.9 ± 1.8
428 ± 43
376 ± 15
B10 peroxisomes
n.d
<0.01
(2.5% of total)
(2.5% of total)
(1.0% of total)
PhTE and marker enzyme activities were assayed in crude extracts and percoll-purified peroxisomes from
petunia corollas collected on day 2 postanthesis. Catalase, alcohol dehydrogenase (ADH), fumarase, and
chlorophyll content were used as marker enzymes for peroxisomes, cytosol, mitochondria, and plastids
respectively. Values in parentheses indicate recovery of enzyme activity relative to crude extract, which is
set to 100%. Data are means ± SEM (n = 3).
−1
*pkat·mg
†
nkat·mg
‡
−1
ng·g FW
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Downregulation of PhTE1expression in petunia petals resulted in reduction of total free CoA-SH
levels by 15-27% relative to wild type controls (Figure 4.4c). Analysis of the internal pool sizes
of other potential PhTE1 products revealed that in transgenic lines BA was decreased up to 30%
(Figure 4.4d). Interestingly, the levels of cinnamic, p-coumaric, and ferulic acids were increased
up to 68%, 95%, and 115%, respectively, (for the first two acids in at least two independent
transgenic lines) relative to controls (Figure 4.4d). At the same time, decreased PhTE1 transcript
levels led to 220%, 360%, 150%, and 350% increase in BA-CoA, cinnamoyl-CoA, p-coumarylCoA, and feruloyl-CoA, respectively, relative to controls (Figure 4.4e). No significant
differences were observed in the pool sizes of caffeic acid or caffeoyl-CoA in transgenics
relative to controls (Figure 4.5).

Figure 4.5 Levels of caffeic acid (a) and caffeoyl-CoA (b) in petunia petals.
Corollas were collected at 10 PM on day 2 postanthesis. White bars represent wild type petunia
(WT); gray bars represent empty vector control (EV); black bars correspond to PhTE1 transgenic
lines (B6, B10, and C4). According to Student’s t-test, changes between WT, EV, and transgenic
lines were not statistically significant. FW, fresh weight. All data are means ± SEM (n=3
biological replicates).
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Analysis of emitted volatiles in transgenic lines relative to controls revealed up to 150% and
400% increase in benzylbenzoate and phenylethylbenzoate, respectively (Figure 4.6), both of
which directly depend on BA-CoA for their biosynthesis (Boatright et al., 2004; Orlova et al.,
2006). Transgenic flowers also showed reduced emission of benzylalcohol (69-74% relative to
controls) and phenylethanol (42-57%), the other respective substrates for benzylbenzoate and
phenylethylbenzoate formation. In addition, emission of benzaldehyde, phenylacetaldehyde and
methylbenzoate, the latter of which is the result of BA methylation, were reduced on average by
67%, 83%, and 50%, respectively, in transgenic flowers compared to that in controls (Figure
4.6). In contrast, emission of the volatile phenylpropenes, eugenol, isoeugenol, and vanillin, were
increased up to 360%, 220%, 280%, respectively, across transgenic lines (Figure 4.6). Overall,
the levels of emitted volatiles in PhTE1 transgenic and control plants positively correlated with
their corresponding internal pools, with the exception of vanillin, for which internal pools
remained unchanged (Figure 4.7). Since phenylpropene volatiles rely on precursors shared with
monolignol biosynthesis (Muhlemann et al., 2014), and PhTE1 is also expressed in vegetative
tissues (Figure 4.1c), lignin content was analyzed. Similar to volatile phenylpropenes, the levels
of guaiacol (G) and syringyl (S) monolignol subunits were up to 314%-327% higher,
respectively, in stems of transgenic plants compared to controls (Figure 4.8a). Due to the fact
that flowers have extremely low lignin levels, only total content could be measured. Like stems,
corollas of transgenics were found to have up to 140% more lignin than controls (Figure 4.8b). It
was also noted that transgenic flowers were pinkish (Figure 4.9), which was predicted to be the
result of increased anthocyanin production. Indeed, anthocyanins were found to be accumulated
in transgenic corollas while in controls their levels were virtually undetectable (Figure 4.8c). In
Arabidopsis, mutations in PhTE1 homologs, atdhnat1 and atdhnat2, were shown to lead to
reduced phylloquinone content (Widhalm et al., 2012). However, phylloquinone levels were
unaffected in flowers and leaves of PhTE1 downregulated lines compared to control (Figure
4.10).
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Figure 4.6 Effect of PhTE1 downregulation on emission of benzenoid/phenylpropanoid
volatiles in petunia flowers.
Volatile emission measured from 6 PM to 10 PM on day 2 postanthesis. Rates are calculated
hourly assuming uniform emission over 4 h. White bars represent wild type petunia (WT); gray
bars represent empty vector control (EV); black bars correspond to PhTE1 transgenic lines (B6,
B10, and C4). *P<0.05 and **P<0.01 by Student’s t-test relative to WT. FW, fresh weight. All
data are means ± SEM (n=6 biological replicates).
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Figure 4.7 Effect of PhTE1 downregulation on internal pools of benzenoid/phenylpropanoid
volatiles.
Petal tissue for internal pools was collected at 10 PM day 2 postanthesis. White bars represent
wild type petunia (WT); striped bars represent empty vector control (EV); black bars correspond
to PhTE1 transgenic lines (B6, B10, and C4). *P<0.05 and **P<0.01 by Student’s t-test. FW,
fresh weight. All data are means ± SEM (n=3 biological replicates).
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Figure 4.8 Effect of PhTE1 downregulation on anthocyanin and lignin levels in corollas of
petunia flowers and stems.
(a) Lignin content in stems of 8-week old petunia plants. G, guaiacyl subunit; S, syringyl
subunit.
(b) Lignin content in corollas collected at 10 PM on day 2 postanthesis.
(c) Anthocyanin levels in day 2 postanthesis flowers collected at 6 PM. *P<0.05 and **P<0.01
by Student’s t-test. Letters in (A) indicate no (a) and statistically significant differences (b–d) in
transgenic lines relative to wild-type. b, P < 0.05; c, P < 0.001; d, P < 0.0005, (Student’s t-test)
FW, fresh weight. All data are means ± SEM (n=3 biological replicates).
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Figure 4.9 Anthocyanin phenotype in wild type and PhTE1 transgenic petunia flowers.
Methanolic (1% v/v HCl) petal extracts prepared from equal amount of day 2 postanthesis wild
type (WT) and PhTE1 transgenic (B6, B10 and C4) corolla tissues.
Flowers of WT and PhTE1 transgenic line B10 2 days postanthesis.
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Figure 4.10 Effect of PhTE1 downregulation on phylloquinone content in petunia petals and
leaves.
(a) Phylloquinone content in day 2 postanthesis flowers collected at 6 PM.
(b) Phylloquinone content in leaf tissue.
*P<0.05 and **P<0.01 by Student’s t-test. FW, fresh weight. All data are means ± SEM (n=3
biological replicates).
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4.4

Discussion

4.4.1 PhTE1 plays auxiliary roles in peroxisomal β-oxidation
Thioesterases are well known to perform multiple auxiliary roles in the β-oxidative metabolism
of fatty acids and other compounds in mammals and fungi (Poirier et al., 2006; Hunt et al., 2014;
Bolte et al., 2014); however, the function(s) of these enzymes in plant β-oxidation pathways
remain underexplored. We report here the identification of a peroxisomal thioesterase, PhTE1,
which plays a critical role in regulating flux through the BA β-oxidative pathway in petunia
flowers. Expression of BA β-oxidative pathway genes in petunia flowers oscillates over a daily
light/dark cycle with highest expression at night (Moerkercke et al., 2009; Klempien et al., 2012;
Qualley et al., 2012; Colquhoun et al., 2012), the time at which flux through the pathway is high
to provide substrates for the formation of benzenoid floral volatiles involved in attracting moth
pollinators (Boatright et al., 2004). PhTE1 displays an expression pattern that correlates
spatially, temporally, and developmentally (Figure 1c-e) with those reported for the core BA βoxidative biosynthetic genes PhCNL, PhCHD, and PhKAT1 (Moerkercke et al., 2009; Klempien
et al., 2012; Qualley et al., 2012; Colquhoun et al., 2012). In addition, PhTE1 was found to
exhibit broad aromatic acyl-CoA substrate specificity (Table 4.1) and to be inhibited by free
CoA-SH (Figure S2), the latter of which is not typical of all peroxisomal thioesterases (Hunt et
al., 2014). Despite the fact that the IC50 of BA-CoA PhTE1 activity with CoA-SH is high (782
µM, Figure 4.3) it is within the range of the Km reported for PhCNL with CoA-SH, 775 µM
(Klempien et al., 2012). Together, these data suggest that like thioesterases involved in mouse
fatty acid β-oxidation (Hunt et al., 2002), PhTE1 “senses” the availability of free CoA-SH,
thereby modulating pool sizes of β-oxidative pathway acyl-CoA esters and free CoA-SH. Since
peroxisomes are also the site for β-oxidative pathways involved in the metabolism of primary
metabolites, including lipids, ubiquinone, jasmonic acid, salicylic acid, and indole acetic acid
(Zolman et al., 2001; Theodoulou et al., 2005; Block et al., 2014; Van Roermund et al., 2014;
Bussell et al., 2014), PhTE1 may also have a role in preventing the depletion of the free CoA-SH
pool shared with these pathways.
The acyl-CoA ester products of β-oxidative pathways are generally assumed not to be exported
across the peroxisomal membrane. Instead, they are proposed to leave peroxisomes as free acids,
a hypothesis supported by the absence of carnitine transferases in plants (Rottensteiner and
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Theodoulou, 2006). Thioesterases therefore may serve additional auxiliary roles in exporting βoxidative products by hydrolyzing acyl-CoAs to their respective acid forms, which will more
readily diffuse or be transported across the peroxisomal membrane. In the BA β-oxidative
pathway, the final product is BA-CoA, while its acid form, BA, is predominantly used for the
synthesis of benzenoid compounds produced in the cytoplasm (Widhalm and Dudareva, 2015).
Indeed, PhTE1 suppression resulted in accumulation of BA-CoA (Figure 4.4e) with a
concomitant decrease in BA (Figure 4.4d) and its methylated product, methylbenzoate (Figure
4.6). At the same time, no changes in expression of core BA β-oxidative pathway genes were
observed (Figure 4.11). Petunia flowers produce benzylbenzoate and phenylethylbenzoate,
which are synthesized by a cytoplasmic acyltransferase that conjugates benzyl alcohol or
phenylethanol, respectively, with BA-CoA (Boatright et al., 2004; Orlova et al., 2006). If BACoA is not capable of being directly exported from peroxisomes, then it would be expected that
the emission and pool sizes of these volatiles would be decreased upon PhTE1 downregulation.
Instead, it was observed that the emission and pool sizes of benzylbenzoate and
phenylethylbenzoate increased in transgenic PhTE1 suppressed lines (Figure 4.6 and Figure 4.7).
At the same time, benzylalcohol and phenylethanol, and their aldehyde precursors, were
decreased (Figure 4.6 and Figure 4.7), likely as the result of redirection of flux toward
benzylbenzoate and phenylethybenzoate. Taken together, these data support a model in which
BA-CoA is directly exported from peroxisomes (Figure 4.12).
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Figure 4.11 Effect of PhTE1 downregulation on expression of genes involved in the β-oxidative
pathway of BA biosynthesis.
PhCNL (a), PhCHD (b) and PhKAT1 (c) mRNA levels in corollas collected at 3 PM on day 2
postanthesis determined by qRT-PCR. Transcript levels were determined relative to the reference
gene elongation factor 1-α (EF1α). All data are means ± SEM (n=3 biological replicates). White
bars represent wild type (WT) petunia; gray bars represent empty vector control (EV); black bars
correspond to PhTE1 transgenic lines (B6, B10, and C4).
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Figure 4.12 Proposed model of flux redistribution between the β-oxidative and general
phenylpropanoid pathway in petunia flowers with PhTE1 downregulation.
Solid arrows show characterized biochemical reactions, and dashed arrows indicate hypothetical
diffusion of free protonated acids. Dashed arrows with gray boxes indicate putative transportermediated steps. Thick arrows depict increased flux. BA, benzoic acid; BA-CoA, benzoyl-CoA;
BB, benzylbenzoate; CA, cinnamic acid; CA-CoA, cinnamoyl-CoA; 4CL, 4-coumarate-CoA
ligase; C4H, cinnamate-4-hydroxylase; CTS, COMATOSE; MeBA, methylbenzoate; PAL,
phenylalanine ammonia lyase; PEB, phenylethylbenzoate; PhCNL, CA-CoA ligase; PhCHD,
CA-CoA hydratase/ dehydrogenase; Phe, phenylalanine; PhKAT, 3-ketoacyl-CoA thiolase;
PhTE1, thioesterase 1, PXN, the peroxisomal NAD+ carrier that transports CoA (Agrimi et al.,
2012).
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4.4.2 PhTE1 exerts control on flux distribution between β-oxidation in peroxisomes and
phenylpropanoid biosynthesis in cytoplasm
In mammals, peroxisomal acyl-CoA thioesterases were shown to hydrolyze both the substrates
and products of β-oxidative pathways, thereby playing regulatory roles in controlling flux into
and out of the pathways (Westin et al., 2004). Likewise, we found that PhTE1 uses both the
substrate, cinnamoyl-CoA, and product, benzoyl-CoA, of the core BA β-oxidative pathway with
similar catalytic efficiencies (Table 1). Although PhTE1 exhibited broad substrate specificity
with other hydroxycinnamoyl-CoA substrates (Table 4.1), none of the corresponding β-oxidized
hydroxybenzoyl-CoA products, or their respective acids (Widhalm and Dudareva, 2015), were
detected. While we observed accumulation of BA-CoA and reduction in BA in PhTE1
downregulated lines, no such precursor/product relationship was found for hydroxycinnamoylCoAs and their respective acids (Figure 4.4d and e; Figure 4.5). Instead, an increase in both
hydroxycinnamoyl-CoAs and hydroxycinnamic acids was detected in PhTE1 downregulated
lines (Figure 4.4d and e), suggesting that flux through the phenylpropanoid pathway was
increased (Figure 4.12). This conclusion is further supported by the increased levels of
phenylpropanoid products, including phenylpropene volatiles (Figure 4.6; Figure 4.7), lignin,
and anthocyanins (Figure 4.8; Figure 4.9), measured in flowers of PhTE1 downregulated lines.
Our proposed model (Figure 4.12) for how this occurs is that downregulation of PhTE1 reduces
the availability of free CoA-SH (Figure 4.4c) being released from acyl-CoAs. PhTE1 hydrolyzes
the precursor for the BA β-oxidative pathway, cinnamoyl-CoA, which is derived from the
ligation of CA with CoA-SH catalyzed by PhCNL in peroxisomes (Figure 4.12) (Klempien et
al., 2012). Since PhCNL has a low affinity for CoA-SH (Km = 775 µM) (Klempien et al., 2012),
it can be envisioned that in PhTE1 downregulated lines, the decrease in free CoA-SH causes CA
accumulation in peroxisomes, preventing the import of CA/CA-CoA from the cytoplasm by CTS
(Figure 4.12). As a result, CA then builds up in the cytoplasm and is redirected toward the
phenylpropanoid pathway and its downstream products (Figure 4.12). At the same time, PhTE1
and PhCHD compete for CA-CoA in peroxisomes (Figure 4.12). Thus, the buildup of BA-CoA
can be explained by multiple factors: (i) the reduced hydrolysis of BA-CoA to BA, (ii) less
PhTE1 to compete with PhCHD for CA-CoA substrate, and (iii) the higher catalytic efficiency of
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PhCHD for CA-CoA compared to that of PhTE1 (kcat/Km of PhCHD versus PhTE1 for CA-CoA
is 48.5 mM-1 s-1 versus 8.16 mM-1 s-1, respectively) (Qualley et al., 2012) (Table 4.1, Figure
4.12).

In conclusion, identification of PhTE1 provides evidence that plants possess thioesterases
playing auxiliary roles in regulating the β-oxidative metabolism of aromatic acyl-CoAs. Though
these enzymes do not appear to fulfill a core biosynthetic function in the pathway, thioesterases
have roles in (i) maintaining the intraperoxisomal acyl-CoA/CoA-SH levels needed to carry out
β-oxidation, (ii) regulating pools of the transportable forms of acyl-CoAs and their free acids,
and (iii) mediating flux distribution between the benzenoid and general phenylpropanoid
pathways. It is likely that PhTE1 orthologs play similar roles in other plants, as mining the coexpression network of At1g48320 reveals that it is co-regulated with many other genes in the
phenylalanine metabolic network (Appendix). The results from this work also suggest that
aromatic acyl-CoA products of β-oxidation can be exported from peroxisomes, implicating the
existence of unidentified peroxisomal acyl-CoA exporters.

4.5

Experimental procedures

4.5.1 Chemicals and reagents
BA-CoA, succinyl-CoA, palmitoyl-CoA, acetyl-CoA, malonyl-CoA, undecanoyl-CoA,
myristoyl-CoA and linoleyl-CoA as well as other chemicals and reagents were purchased from
Sigma-Aldrich (St. Louis, MO) unless otherwise noted. All other hydroxycinnamoyl-CoA esters,
including cinnamoyl-CoA, p-coumaryl-CoA, feruloyl-CoA, and caffeoyl-CoA were chemically
synthesized and purified as described in (Stöckigt and Zenk, 1975). For inhibition experiments
cinnamoyl-CoA was purchased from TransMIT GmbH (Giessen, Germany).

4.5.2 Growth conditions and generation of PhTE1-transgenic lines
Petunia hybrida cv. Mitchell diploid (W115; Ball Seed, West Chicago, IL) wild-type and
transgenic plants were grown under standard greenhouse conditions (Dudareva et al., 2000). Two
independent approaches were used to reduce PhTE1 transcript levels in petunia flowers, an RNA
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interference (RNAi) strategy under the control of the petal-specific linalool synthase (LIS)
promoter (Cseke et al., 1998) and expression of a sense RNA (PhTE1-sense) under cauliflower
mosaic virus 35S promoter. For the RNAi construct, DNA containing two spliced cDNA
fragments corresponding to nucleotides 48-476 and 48-328 of the coding region, the latter in
antisense orientation, was synthesized to create a hairpin structure. (Genscript, Piscataway, NJ).
5′-EcoRI and 3′-BamHI sites were introduced for directional cloning of the RNAi fragment into
a pRNA69 vector containing the Clarkia breweri linalool synthase (LIS) petal-specific promoter
(Cseke et al., 1998). The resulting cassette containing the LIS promoter and the synthetic PhTE1
hairpin fragment was cut with NotI and SacI and subcloned into a pART27 simpler binary vector
(Gleave, 1992). For the PhTE1-sense construct, the PhTE1 open reading frame was amplified by
PCR using forward 5’- CACCATGAAACCACCGCCACTATCGTC-3’ and reverse 5’TCAATATTTCTTGAGAACCACAGCAGC-3’ primers. The PCR fragment was subcloned into
a pENTR/SD/D-TOPO entry vector (Invitrogen, Carlsbad, CA), verified by sequencing and
subcloned into the destination vector pB2GW7 (Karimi et al., 2002). PhTE1 transgenic plants
were generated via Agrobacterium tumefaciens (strain GV3101 carrying pB2GW7-PhTE1 and
PhTE1-RNAi) mediated transformation using the leaf disk transformation method (Horsch et al.,
1985). Thirty-three and sixteen independent transgenic lines were produced for the PhTE1-RNAi
and PhTE1-sense construct, respectively. Analysis of PhTE1 mRNA levels in transgenic plants
by qRT-PCR with gene-specific primers revealed that several PhTE1-sense lines displayed
greater reduction in PhTE1 expression than PhTE1-RNAi lines. Thus, three independent
homozygous PhTE1-sense lines, B6, B10 and C4, were used for further analysis.

4.5.3 RNA isolation and qRT-PCR analyses
Total RNA was isolated from leaves and different floral organs of 2-d-old petunia flowers and
from corollas at different stages of flower development and 10 time points during a daily
light/dark cycle using the Spectrum Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO).
Unless otherwise specified, tissues were harvested at 6 PM. Prior to qRT-PCR analysis, total
RNA samples were treated with DNaseI using the RQ1 RNase-Free DNase kit (Promega,
Madison, WI) to eliminate genomic DNA. Subsequently, 1 μg of RNA was reverse transcribed to
cDNA in a total volume of 10 μL using the EasyScript cDNA synthesis kit (Applied Biological
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Materials Inc, Canada). For absolute quantification of PhTE1 and PhTE2 transcripts, their
coding regions were amplified using gene specific primers: PhTE1forward 5’GGAATTCCATATGAAACCACCGCCACTATCGTC-3’ and reverse 5’CGGGATCCTCATAACTTAGCATATTTCTTGAGAACCACAGC-3’ primers and PhTE2
forward 5’-GGAATTCCATATGGCAGCATCATCACCAGT-3’ and reverse 5’TCGGGATCCCATAACCTGGCATACTTCTGGAG-3’ primers. The resulting PCR products
were digested with the restriction enzymes NdeI and BamHI and purified from an agarose gel
with a Qiaquick gel extraction kit (Qiagen, Valencia, CA, USA). Purified DNA was quantified
using a NanoDrop 1000 spectrophotometer (Thermo Scientific, West Palm Beach, FL, USA).
Standard curves for qRT-PCR were generated by preparing dilutions of 4 ng ml−1 to 6.4 pg ml−1
and qRT-PCR was carried out as previously described (Qualley et al., 2012) with gene-specific
primers: PhTE1 forward 5’-CATATTGCGTCCGGTTTTACG-3’ and reverse 5’GTGCAGCTTCAGCAATAACAAGA-3’ primers and PhTE2 forward 5’CATCACCAGTGCCAAAGGAA-3’ and reverse 5’-CGGTGATCTTTTGAGGTGAGATT-3’
primers. The absolute quantities of PhTE1 and PhTE2 transcript were calculated and expressed
as pg per 200 ng total RNA. Final concentrations of forward and reverse primers were 300 nM
and 900 nM, respectively, for PhTE1 and 300 nM for both forward and reverse primers for
PhTE2. qRT-PCR analysis relative to the reference gene elongation factor 1-α (EF1-α) was
performed as described previously (Qualley et al., 2012). Expression of PhCHD and PhCNL
were analyzed by qRT-PCR using gene specific primers described previously (Qualley et al.,
2012; Klempien et al., 2012). For analysis of PhKAT1 expression, the forward primer 5’ACCTTCAGCCCATTCGTCAT-3’ and the reverse primer 5’TATCGCCAGCTGCACAAATT-3’ were used. The final concentration of each primer was 300
nM. All primers for qRT-PCR were designed using the PrimerExpress software (Applied
Biosystems) and optimized to 95-100 % efficiency.

4.5.4 Heterologous expression and purification of recombinant protein
For functional expression, the coding region of PhTE1 was amplified using forward primer 5’GGAATTCCATATGAAACCACCGCCACTATCGTC-3’ and reverse primer 5’CGGGATCCTCATAACTTAGCATATTTCTTGAGAACCACAGC-3’. Forward and reverse
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primers introduced NdeI and BamHI restriction sites, respectively, for directional cloning into
pET15b expression vector (Novagen, Madison, WI) in frame with an N-terminal 6XHis-tag. The
resulting pET15b: PhTE1 construct was verified by sequencing and transformed into BL21
(DE3) E. coli (New England Biosciences, Ipswich, MA). Recombinant proteins produced in
E.coli were purified on Ni-NTA resin (Qiagen, Hilden, Germany) as described previously
(Qualley et al., 2012).

4.5.5 Enzyme assays
Kinetic analysis of recombinant PhTE1 was carried out in reactions (100μL) containing 50 mM
KH2PO4 (pH 7.0), 0 - 2 mM acyl-CoA substrate, 200 ng purified PhTE1 and 3 μM BSA.
Reactions were incubated at 30°C with 100 μL of an aqueous solution of 400 μM 5,5′-dithiobis(2-nitroBA) (DTNB; Ellman’s Reagent) for 0–180 min. Changes in A412 were recorded at 5
minute intervals with an Epoch Microplate Spectrophotometer (BioTeK, Winooski, VT) and
compared with blank samples containing no substrate or no protein. For thioesterase activity in
petal extracts, petunia petals (0.2g) were harvested at 10 PM day 2 postanthesis, flash frozen in
liquid nitrogen, and ground to a powder with a pestle. The powder was transferred to 1.5 mL
Safe-Lock microcentrifuge tubes (Eppendorf, Hamburg, Germany) containing 0.1 mm glass
beads (Next Advance Inc, Averill Park, NY) and 1 mL of freshly prepared 50 mM KH2PO4 pH
7.5, 10% (vol/vol) glycerol, 1% (w/vol) polyvinylpolypyrrolidone (M.W. 58,000), 10 mM βmercaptoethanol, 5 mM Na2S2O5, and 1 mM phenylmethylsulfonyl fluoride. Tissue was
disrupted using a Bullet Bender (Next Advance Inc, Averill Park, NY) and centrifuged (16,000 ×
g; 10 min at 4°C) to remove debris. The recovered supernatant was desalted using Econo-Pac
10DG Desalting Columns (Bio-Rad, Hercules, CA) equilibrated with 50 mM KH2PO4 pH 7.5,
10% (vol/vol) glycerol. 20 μg of protein was used for analysis of thioesterase activity.

For analysis of CoA-SH inhibition of PhTE1 thioesterase activity, reactions were carried out as
described above with 500 μM BA-CoA or CA-CoA and 0 - 2 mM CoA-SH without the addition
of DTNB. After 5 minutes, the reactions were terminated by adding 5μL 50% trichloroacetic
acid and benzoic acid was detected by HPLC (Agilent 1200 series LC with diode array
detection) as previously described (Qualley et al., 2012). IC50 was calculated using GraphPad
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Prism version 6. All enzyme assays were performed at an appropriate enzyme concentration so
that reaction velocity was proportional to enzyme concentration and linear during the incubation
time period. Kinetic data were evaluated by hyperbolic regression analysis (HYPER.EXE,
version 1.00). Triplicate assays were performed for all data points.

4.5.6 Subcellular localization
The coding region of PhTE1 was amplified with and without its endogenous stop codon and each
fragment was subcloned into a pENTR/SD/D-TOPO entry vector (Invitrogen, Carlsbad, CA) as
described above, and verified by sequencing. Green fluorescent protein (GFP) fusion constructs
were generated by transferring the PhTE1 gene from pENTR into binary vectors pK7WGF2 (Nterminal GFP) and pK7FWG2 (C-terminal GFP), both containing the CaMV 35S promoter
(Karimi et al., 2002), using GATEWAYTM technology. As a peroxisomal marker, the px-rk
CD3-983 cassette containing a red fluorescent protein (RFP) with the addition of a PTS1 at its Cterminus was used (Nelson et al., 2007). As a mitochondrial marker, the mt-rk CD3-991 cassette,
containing a red fluorescent protein (RFP) with the first 29 amino acids of yeast (Saccharomyces
cerevisiae) cytochrome c oxidase IV incorporated at the N-terminus, was used (Nelson et al.,
2007). The constructs were transformed into Agrobacterium tumefaciens (GV3101) and coinfiltrated into 3 week-old Nicotiana benthamiana leaves as described previously (Sparkes et al.,
2006). Images were acquired with a Zeiss LSM710 laser spectral scanning confocal microscope
(Zeiss) two to three days after infiltration, as previously described (Forner and Binder, 2007;
Yoo et al., 2013).

4.5.7 Peroxisome isolation
Peroxisomes were isolated from 2-day-old control and transgenic flowers and marker assays to
determine enrichment were performed as described previously (Klempien et al., 2012).

4.5.8 Targeted metabolite profiling
Volatiles emitted from control and transgenic PhTE1 petunia flowers were collected from
detached flowers at peak of emission, between 6 PM and 10 PM on day 2 postanthesis, by a

134
closed-loop stripping method and analyzed by gas chromatography-mass spectrometry (GC-MS)
as described previously (Orlova et al., 2006). Internal pools of volatiles, organic acids and CoA
esters were quantified in petunia flowers collected at 10 PM day 2 postanthesis according to
previous protocols (Klempien et al., 2012).

Free CoA-SH was extracted and quantified as described previously (Tumaney et al 2004), except
that chromatographic separation was carried out with a Zorbax SB C-18 column (5 μm, 4.6 x 250
mm; Agilent) held at 30o C with a flow rate of 1 mL/min using a solvent system consisting of 20
mM potassium phosphate pH 5.0 (solvent A) and 100% acetonitrile (solvent B). After 10 μL of
sample injection, 97% solvent A and 3% solvent B were held for 5 min, then solvent B was
increased linearly to 10% over 30 min. Between injections the column was washed for 5 min
with 60% solvent B and reequilibrated back to 3% solvent B for 5 min.

Phylloquinone analysis was performed essentially as described previously (Widhalm et al.,
2012). Briefly, petunia flowers (300-800 mg fresh weight) or leaves (20-50 mg) were
homogenized with 5 mL of methanol containing 900 pmol menaquinone-4 (Sigma-Aldrich) as an
internal standard. The extract was centrifuged and the supernatant was transferred to a new tube,
evaporated to dryness under a gentle stream of gaseous N2, resuspended in 2 mL 50% (vol/vol)
methanol and then partitioned with 5 mL hexane. The upper phase was transferred into a new
tube and evaporated to dryness as described above. The residue was resuspended in 0.5 mL
methanol and passed through a 0.22 μm filter. Samples (50 μL) were analyzed by HPLC on a 5
μm Zorbax SB-C18 column (4.6 x 250 mm) at 30°C eluted in isocratic mode at a flow rate of 1
mL min-1 with methanol: ethanol (80:20, vol/vol) containing 1 mM sodium acetate, 2 mM acetic
acid, and 2 mM ZnCl2. Phylloquinone and menaquinone were detected fluorometrically
(Excitation: 238 nm, Emission: 426 nm) following in-line post-column chemical reduction as
described previously (Oostende et al., 2008), quantified according to external calibration
standards, and corrected for recovery based on the internal standard. Total lignin in petunia
petals was quantified by the thioglycolic acid method described previously with a slight
modification (Campbell and Ellis, 1992). Before measurement, the resulting pellet was dissolved
in 1mL NaOH and the absorbance of a 10-fold dilution was measured at 280 nm. Analysis of
lignin monomer composition in stem tissue was performed by the DFRC method as described
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previously (Li et al., 2010). For anthocyanin analysis, control and transgenic flowers were
collected on day 2 postanthesis, flash frozen in liquid nitrogen and ground to a fine powder. For
each sample, 100 mg of corolla tissue was incubated in 1mL acidified methanol (1% v/v HCl)
overnight and anthocyanin extraction was performed as described previously (Neff and Chory,
1998).
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Note: Yellow highlighted genes belong to the phenylalanine metabolic network
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LIST OF ABBREVIATIONS

13-HPL

13-hydroperoxide lyase

13-LOX

13-lipoxygenase

3H3PP-CoA
3O3PP-CoA

3-hydroxy-3-phenylpropanoyl-CoA
3-oxo-3-phenylpropanoyl-CoA

4CL

4-coumarate-CoA ligase

9-HPL

9-hydroperoxide lyase

9-LOX

9-lipoxygenase

AACT

Acetoacetyl-CoA thiolase

AAT

Alcohol acyltransferase

ABC

ATP-binding cassette

ADH

Alcohol dehydrogenase

AOC

Allene oxide cyclase

AOS

Allene oxide synthase

BA

Benzoic acid

BA-CoA

Benzoyl-CoA

BAlc

Benzylalcohol

Bald

Benzaldehyde

BALDH

Benzaldehyde dehydrogenase

BB

Benzylbenzoate

BPBT

Benzoyl-CoA:benzylalcohol/2phenylethanol benzoyltransferase

BSMT

Benzoic acid/salicylic acid carboxyl
methyltransferase

BY-2

Bright Yellow 2

BZL1

Benzoate: CoA ligase

C4H

Cinnamate-4-hydroxylase

CA

trans-Cinnamic acid

CA-CoA

Cinnamoyl-CoA

CAF-CoA

Caffeoyl-CoA
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CCoAOMT

Caffeoyl-CoA 3-O-methyltransferase

CCR

Cinnamoyl-CoA reductase

CDP-ME

4-diphosphocytidyl-2-C-methylD-erythritol

CDP-MEP

CDP-ME 2-phosphate

CFA-CoA

Caffeoyl-CoA

CHD

CA-CoA hydratase/dehydrogenase

CMK

4-(cytidine 5′-diphospho)-2-C-methylD-erythritol kinase

CNL

CA-CoA ligase

ConAc

Coniferyl acetate

CPM

Counts Per Million

CTS

COMATOSE

DAD

Diode array detector

DHNA-CoA

1,4-dihydroxy-2-napthoyl-CoA

DMAPP

Dimethylallyl pyrophosphate

DTNB

5,5′-dithiobis-(2-nitroBA)

DXP

1-deoxy-D-xylulose 5-phosphate

DXS

1-deoxy-D-xylulose 5-phosphate
synthase

ER

Endoplasmic reticulum

EGS

Eugenol synthase

Eug

Eugenol

FA-CoA

Feruloyl-CoA

FDR

False discovery rate

FPKM

Fragments per kilobase per million

G3P

D-glyceraldehyde 3-phosphate

GC-MS

Gas chromatography- Mass
spectrometry

GFP

Green fluorescent protein

GGPP

Geranylgeranyl pyrophosphate
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GGPPS

GGPP synthase

GPP

Geranyl pyrophosphate

GPPS

GPP synthase

HDR

(E)-4-hydroxy-3-methylbut-2-enyl
diphosphate reductase

HDS

(E)-4-hydroxy-3-methylbut-2-enyl
diphosphate synthase

HMBPP

(E)-4-hydroxy-3-methylbut-2-en-1-yl
diphosphate

HMGS

3-hydroxy-3-methylglutaryl-CoA
synthase

IDI

Isopentenyl pyrophosphate isomerase

IEug

Isoeugenol

IGS

Isoeugenol synthase

IPP

Isopentenyl pyrophosphate

ISO

Isomerase

KAT

3-ketoacyl-CoA thiolase

LTP

Lipid transfer protein

MCT

2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase

MDS

2-C-methyl-D-erythritol 2,4cyclodiphosphate synthase

MeBA

Methylbenzoate

MECPD

2-C-methyl-D-erythritol 2,4cyclodiphosphate

MEGA6

Molecular Evolutionary Genetics
Analysis Version 6

MEP

Methylerythritol phosphate

MVA

Mevalonic acid

MK

Mevalonate kinase

OPR

12-oxophytodienoate reductase
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PAAS

Phenylacetaldehyde synthase

PAL

Phenylalanine ammonia-lyase

PAR

Phenylacetaldehyde reductase

pCA- CoA

p-Coumaroyl-CoA

pCA

p-Coumaric acid

PEB

Phenylethyl benzoate

PhAld

Phenylacetaldehyde

Phe

Phenylalanine

PhEth

2-Phenylethanol

Phos

Phosphatase

PLP

Pyridoxal-5-phosphate

PMSF

Phenylmethylsulfonyl fluoride

PTS1

Peroxisomal Targeting Signal 1

Pyr

Pyruvate

RACE

Rapid ampliﬁcation of cDNA ends

RFP

Red fluorescent protein

RNAi

RNA interference

RNA-Seq

RNA sequencing

ROS

Reactive oxygen species

TE1

Thioesterase 1

TPS

Terpene synthase

VOC

Volatile organic compound

WT

Wild-type
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